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ABSTRACT 
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The term ‘diamictite’ is used as a lithologic descriptive term without assigning a 
particular origin to a rock unit as either glacial deposits (till), proglacial, glacially influenced 
deposits (resulting from meltwater plumes and ice rafted debris), or mass transport deposits 
(glacial or non-glacial related). While in some cases, it is possible to delineate between the 
origins of diamictites, in other instances, weathering and lack of exposures make it difficult to 
determine. In general, the occurrence of diamictites within the Gondwana succession has been 
traditionally used to indicate the occurrence of subglacial deposition despite the potential 
occurrence of other depositional modes. Thus, the extent of glaciation during the Late Paleozoic 
Ice Age is interpreted to be much greater than it actually was. . One area of interest in Gondwana 
where interpretation of these deposits is problematic, and hence has resulted in problems 
determining ice extent, is the Paraná Basin in Brazil. The ability to better differentiate subglacial 
processes from proglacial, subaqueous mass transport, glaciomarine/glaciolacustrine rainout, 
and/or ice rafting, in addition to determining glacier flow or mass transport directions, will allow 
researchers studying these deposits to more accurately reconstruct the environments timing and 
extent of glaciation during the LPIA. 
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In sedimentary fabrics, anisotropy of magnetic susceptibility (AMS) is a geophysical 
method, which depicts the preferred orientation of magnetic particles during the final stages of 
transport and/or synsedimentary deformation. The technique is used to determine the preferred 
orientation of the constituent grains, therefore a useful indicator to help determine the mode of 
deposition, direction of sediment transport, and the nature of stress and strain during 
deformation. In August of 2016, samples were collected from deposits assigned to the Itararé 
Group, which outcrop along the southern and eastern margins of the Paraná Basin, Brazil. 19 
fabrics were analyzed from seven different locations (Alfredo Wagner, Aurora, Cachoeira do 
Sul, Campo do Tenente, Ibaré, Porto Amazonas, and São Gabriel), stretching across the states of 
Rio Grande do Sul, Santa Catarina, and Paraná. While in most cases, AMS allowed us to 
delineate between the origins of diamictites, in other cases, it proved to be more difficult. In most 
cases, AMS measurements were beneficial in determining the direction of sediment transport.  
Our findings are consistent with past studies in which AMS was used to infer a variety of 
glaciogenic deposits, but also acts as a study case for the different types of fabrics that may 
develop as a result of Newtonian vs non-Newtonian sediment gravity flows. 
While flow directions along the southern margin of the basin are consistent with the inferred 
N/NW ice movement into the basin, some of the flow directions along the eastern margin are not, 
revealing deviations in topography. Flow directions obtained from mass transport deposits in the 
area stretching from Campo do Tenente to Porto Amazonas (an area in which different 
stratigraphic levels of glaciation are exposed) tend to show uniform flow to the south. This 
observation is consistent with other AMS studies of similar deposits within the area, suggesting 
the existence of a southward paleoslope, which strongly influenced subaqueous deposition 
throughout the extent of the Itararé Group. 
	 iv	
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CHAPTER 1. INTRODUCTION 
1.1 The Late Paleozoic Ice Age 
 
The Late Paleozoic Ice Age (LPIA) can be broadly defined as the interval of time from the 
late Devonian until the late Permian, during which glaciation occurred across the south polar and 
mid-latitude areas of Gondwana (Frakes et al., 1992; Crowell, 1999). The LPIA was an 
important climatic event in Earth’s history as it represents a time when Earth shifted from an 
icehouse to a greenhouse state. There were many paleoenvironmental aspects of the LPIA that 
are still unknown, including the timing, extent, style, and duration of glaciation (Crowell and 
Frakes, 1970; Isbell et al., 2003, 2012; Fielding et al., 2008b). Traditionally, the LPIA has been 
modeled as a single, massive ice sheet (Fig 1-1A), that nucleated at the paleo-South pole and 
radiated outwards into the mid-latitudes (e.g. Veevers and Powell, 1987; Frakes and Francis, 
1988; Frakes et al., 1992; Scotese 1997; Ziegler et al., 1997; Buggisch, et al., 2011). However, 
recent work has found evidence that rather than one massive ice sheet, numerous ice sheets, ice 
caps and alpine glaciers were most likely spread across the supercontinent (Fig 1-1B) (Isbell et 
al., 2012; Montañez and Poulsen, 2013). These smaller, but still relatively large ice sheets waxed 
and waned through multiple million year plus glacial intervals with alternating glacial minima or 
non-glacial periods of approximately equal duration (Crowell and Frakes, 1970; Caputo and 
Crowell, 1985; Dickins, 1997; López-Gamundí, 1997; Isbell et al., 2003; Fielding et al., 2008a, 
2008c, 2008d; Gulbranson et al., 2010; Limarino et al., 2014). Scientists are in the process of 
reconstructing the distribution and timing of these events in hopes of better understanding 
environmental changes associated with deep time climate change. 
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Fig 1-1. (A) Traditional and (B) emerging views of glaciation during the Late Paleozoic Ice Age on 
Gondwana. Figure after Moxness (2016); modified from Isbell et al. (2012). 
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1.2 Paraná Basin, Brazil 
 
One of the major ice accumulation centers of the LPIA was interpreted to be located in 
south-central Africa in the highlands of Namibia referred to as the Windhoek ice sheet (Visser, 
1987; Santos et al., 1996; Rocha-Campos et al., 2008). On the West African margin, glacial 
lobes were interpreted to have extended towards the W/NW into the subsiding, intracratonic 
Paraná Basin of southeastern Brazil (Santos et al., 1996; Rocha-Campos et al., 2008; Vesely et 
al, 2015). This basin was located in mid-latitudes during the Pennsylvanian and Early Permian 
and was thus sensitive to changing climatic conditions (Ziegler et al., 1997; Blakey, 2008; 
Torsvik et al., 2013). Roche moutonnée, striae, crescntic gouges and grooved surfaces on the 
underlying, unconformable Precambrian and Devonian rocks indicate the direction of ice 
movement, and in general imply that the ice was grounded as it flowed across to the basin 
margins (Gravenor and Rocha-Campos, 1983; Santos et al., 1996; Rocha-Campos et al., 2008; 
Vesely et al, 2015). As the glacier penetrated deeper into the basin, there is little evidence that 
the ice remained grounded, but rather was partially grounded and/or floating (Gravenor and 
Rocha-Campos, 1983). However, these glaciers were most likely temperate glaciers, based on 
their paleolatitude, the amount of debris transported, and the grooved surfaces left behind 
(Boulton, 1972; Evans et al., 2006;), suggesting that the ice would have been too weak to have 
formed floating ice shelves but rather developed a calving front, dispersing icebergs into more 
distal areas in the basin (Rocha-Campos et al., 2008; Vesely et al, 2015). The existence of 
widespread marine beds, interbedded with glaciogenic deposits, suggest that the south and 
eastern edge of the Paraná Basin was a low-lying irregular coastal area (Eyles et al., 1993; 
Vesely et al, 2015).
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Fig 1-2. (A) Undifferentiated deposits of the Itararé Group (see Rosa et al., 2016). (B) Location of the 
Paraná Basin in present day South America. Figure modified from Goldberg and Humayun (2010). (C) 
Orientation of Gondwana and the Paraná Basin in relation to the paleo-South pole during the late 
Carboniferous. Figure provided from University of Texas-Austin, Institute of Geophysics, PLATES 
Project.
A	 B	
C	
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1.2.1 Itararé Group 
 
The present Paraná Basin (Fig 1-2B) is more than a million square kilometers and covers 
parts of the states of Mato Grosso, Mato Grosso do Sul, Goiás, São Paulo, Paraná, Santa 
Catarina, and Rio Grande do Sul in Brazil and parts of Paraguay, Argentina, and Uruguay 
(Gravenor and Rocha-Campos, 1983). The glaciogenic deposits which outcrop around the basin 
margins have been assigned to the Itararé Group (Fig 1-2A) and are most likely Pennsylvanian in 
age (Souza, 2006; Cagliari et al., 2016), but the base may have extended into the Mississippian. 
The group is an important succession in Gondwana in terms of paleogeographic position, 
stratigraphic thickness, and geographical extent (Rocha-Campos et al., 2008). The 1300 m thick 
succession of the Itararé is composed primarily of sandstone, siltstone, shales, rhythmites and 
diamictites (Fig 1-3) (Eyles et al., 1993; Rocha-Campos et al., 2008). Different nomenclatures 
have been used to divide the Itararé Group into formations. Schneider et al. (1974) separated the 
Itararé into 3 formations based on outcrop sections along the eastern margin of the basin, Campo 
do Tenente, Mafra and Rio do Sul formations, oldest to youngest respectively. Whereas, França 
and Potter (1988) also separated the Itararé into 3 formations, but based on well-log data, the 
Lagoa Azul, Campo Mourao and Taciba formations, oldest to youngest respectively (Fig 1-4).
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Fig 1-3. Depositional model and sedimentary facies for the Itararé Group along the southern and eastern 
margins of the Paraná Basin (a) melt-water deltas (b) subaqueous MTD’s resulting from an unstable 
shelf margin, (c) ice rafted debris producing ‘rain out’ diamictites, interbedded with mudstones and 
rhythmites, (d) fine grained marine beds (e) terrestrial subglacial deposits. Figure modified after Eyles et 
al. (1993).  
 
 
 
Fig 1-4. Stratigraphic chart of the Itararé Group with nomenclature from both Schneider et al. (1974) 
and França and Potter (1988). Location of sample sites in relation to stratigraphic position in red text. 
‘?’ towards the bottom of the stratigraphic chart indicate the lowest part of the Itararé Group may have 
extended into the Mississippian. Figured modified from Fallgatter and Paim (2017).
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Numerous depositional sequences bounded by disconformities have been identified 
throughout the basin, suggesting multiple glaciations and/or glacial advances and retreats (França 
and Potter, 1991; Santos et al., 1996; Canuto et al., 2001; Vesely and Assine, 2006). A variety of 
diamictites are interpreted to have formed in terrestrial and subaquatic environments along the 
margins of the basin. Diamictites are sedimentary rocks made up of poorly-sorted terrigenous 
material, containing variously sized clasts (granule to boulders) suspended in a mudstone to 
sandstone matrix (Flint et al., 1960; Moncrieff, 1989; Hambrey and Glasser, 2012). The term 
‘diamictite’ is used as a lithologic descriptive term without assigning a particular origin to the 
rock unit as either glacial deposits (till), proglacial, glaciomarine (e.g., two component system of 
fines settling from meltwater plumes and clast transported as ice rafted debris), glacially 
influenced marine deposits (marine deposits with ice rafted debris) or mass transport deposits 
(glacial or non-glacial related) (Jenner et al., 2007; Posamentier and Martinsen, 2011). The 
ISSMGE Technical Committee on landslides classifies subaqueous mass transport into five 
categories; slides (translational or rotational), topples, spreads, falls and flows (Locat, 2001). 
Mulder and Alexander (2001) further subdivide subaqueous flowing material into four 
categories: density flows (cohesive matrix strength), hyperconcentrated density flows (non-
cohesive, grain-to-grain support), concentrated density flows (non-cohesive, grain-to-grain 
support), and turbidity flows (turbulent support). The difference between concentrated density 
flows and hyperconcentrated density flows is the upper part of a concentrated density flow will 
be fully turbulent (Mulder and Alexander, 2001). While the classification of the ISSMGE 
Technical Committee group’s slumps and slides together, many would make a distinction 
between the two based on the presence of internal deformation, or the lack of, respectively, 
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respectively.  While some schemes do not include turbidites in the spectrum of mass transport 
deposits, for the scope of this study we consider them genetically related unless noted. 
While in some cases, it is possible to delineate between the origins of diamictites, in other 
instances, weathering and lack of exposures make it difficult to determine the associated 
mechanism of deposition (e.g., subglacial, rain out, mass transport) (Benn and Evans, 2010; 
Eyles et al., 1993; Rocha Campos et al., 2008). The complication of diamictites being 
misclassified, along with the possibility that some diamictites were removed by erosion, could 
explain the inconsistent interpretations for sequence boundaries of the Itararé Group (subglacial 
erosion vs. subaerial exposure) (França and Potter, 1988; Canuto et al., 2001; Vesely and Assine, 
2006). The way a diamictite is interpreted will impact the inferred origin of these boundaries 
and, by consequence, on the nature of related cyclicity. This discrepancy points out the need to 
identify diamictites according to origin to avoid the possibility that certain deposits resulting 
from non-ice-contact processes (rainout, mass transport) from a single glacial advance and 
retreat and are not counted as evidence of multiple advances (Kilfeather et al., 2010; Boulton, 
1972; Gravenor and Rocha-Campos, 1983), and to correctly identify the extent of glaciation. 
 
1.2.1.1 Past Magnetic Studies 
 
Only two other studies have examined the magnetic fabrics of the Itararé Group in the 
Paraná Basin. Gravenor and von Brunn (1987) conducted a magnetic fabric analysis on a 
massive diamictite located in Lapa Quarry, 65 km southwest of Curitiba. Strata in the exposure 
are interpreted to be glaciomarine and stratigraphically correlated to the middle part of the 
Campo do Tenente Formation (Gravenor and Rocha-Campos, 1983). Archanjo et al. (2006) 
conducted a magnetic fabric analysis on similar massive diamictites interpreted to be 
	 9	
glaciomarine in the region of Rio do Sul between Mafra and Alfredo Wagner, but 
stratigraphically correlated to the younger Rio do Sul Formation.  
 
1.3 Motivation and objective 
 
In general, the occurrence of diamictites within the Gondwana succession has been 
traditionally used to indicate the occurrence of subglacial deposition despite the potential 
occurrence of other depositional modes. Thus, the extent of glaciation is interpreted to be much 
greater than it actually was (e.g., Isbell et al., 2003; González, and Saravia, 2010). One area of 
interest in Gondwana where interpretations of these deposits is problematic, and hence have 
resulted in problems determining ice extent, is in the Paraná Basin in Brazil (Eyles et al., 1993; 
Rocha Campos et al., 2008; Vesely et al, 2015).  
The ability to better differentiate subglacial processes from subaqueous mass transport, 
proglacial glaciomarine/glaciolacustrine rainout, and/or ice rafting, in addition to determining 
glacier flow or mass transport directions, will allow scientists to more accurately reconstruct and 
interpret deposits and environments of the LPIA. This study is important as it is adding one more 
important tool to the arsenal for researchers working on such deposits.  
My research objective in this study is to conduct a magnetic fabric analysis of glaciogenic 
deposits in the Paraná Basin, and compare results to previous studies, in hopes of delineating 
between different modes of deposition and to determine flow directions (ex: Rees, 1983; 
Gravenor, 1985; Eyles et al., 1987; Hailwood and Ding, 2000; Baas et al., 2007; Hooyer et al., 
2008; Iverson et al., 2008). 
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1.4 Anisotropy of magnetic susceptibility 
 
For decades, geologists have measured the magnetic fabrics in rocks to analyze the 
direction of stress during deposition or deformation (Ising, 1942; Rees, 1965; Hamilton and 
Rees, 1970, Tarling and Hrouda, 1993; Hrouda, 2007). In sedimentary fabrics, anisotropy of 
magnetic susceptibility (AMS) is a useful technique, which depicts the preferred orientation of 
magnetic particles during the final stages of transport. It has widely been recognized as an 
acceptable proxy to determine the preferred orientation of the constituent grains and therefore 
can be used to help determine mode of deposition and flow direction. Experimental and field-
based studies over the past half-century have provided valuable insight about the magnetic 
signatures produced under a broad range of depositional and deformational settings. This 
information provides an ample amount of constraint in the interpretation of magnetic fabrics 
(Rees, 1965; Hamilton and Rees, 1970; Ellwood 1980; Taira and Scholle, 1979; Rees 1983; 
Taira, 1989; Tarling and Hrouda, 1993; Tauxe, 1998; Hailwood and Ding, 2000; Bass et al., 
2007; Robion et al., 2007; Schwehr and Tauxe, 2007; Veloso et al., 2007; Hooyer et al., 2008; 
Tauxe et al., 2010).  
 
1.4.1 Rock magnetism 
1.4.1.1 Magnetic susceptibility 
 
Magnetic susceptibility is a parameter used to describe the nature and intensity of a 
material’s response to an external magnetic field (Petrovsky, 2007). All materials have a 
magnetic susceptibility, including those that do not carry permanent magnetization, because 
magnetic properties arise from the motion of electrically charged subatomic particles (Tarling 
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and Hrouda, 1993; Tauxe et al., 2010). Susceptibility can be represented by the equation M = χB, 
where B is the strength of the applied magnetic field, M is the strength of the induced 
magnetization, and χ is a constant of proportionality defined as the susceptibility.  Susceptibility 
can be treated as a scaler, or as a tensor where it is directionally dependent (see 2.2.3) as in 
studies of anisotropy of magnetic susceptibility. 
 
1.4.1.2 Classes of magnetic materials 
 
The derivation of magnetism stems from the orbital motions and spin properties of 
electrons around a nucleus and how those electrons interact with one another (Moskowitz, 1991). 
Depending upon the nature of magnetization, materials can be classified based on how they 
respond to an applied field either as diamagnetic, paramagnetic, or ferromagnetic (Moskowitz, 
1991; Tarling and Hrouda, 1993; Tauxe et al., 2010). When the induced magnetization is in the 
opposite direction to that of the applied magnetic field and is lost upon removal of the field, the 
material is classified as diamagnetic (Fig 1-5a). Diamagnetic minerals (e.g., quartz and calcite) 
and have a magnetic susceptibility that is small and negative, typically on the order of 10!! to 
10!! SI-units (Moskowitz, 1991; Tarling and Hrouda, 1993, Baas et al., 2007). When the 
induced magnetization is in the same direction as the applied magnetic field, and is lost 
immediately after removal, the material is paramagnetic (Fig 1-5b). Paramagnetic minerals (e.g., 
olivine, amphibole, pyroxene, and biotite) have a magnetic susceptibility that is positive and 
typically on the order of 10!! to 10!! SI-units (Moskowitz, 1991; Tarling and Hrouda, 1993, 
Baas et al., 2007). Some materials carry a strong magnetization even after an applied field has 
been removed. These ferromagnetic (sensu lato) minerals can carry a remanent (permanent) 
magnetization and may be ferromagnetic (sensu stricto) (e.g., Fe0; Fig 1-5c), ferrimagnetic (e.g., 
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magnetite), or antiferromagnetic (e.g., hematite). They typically have a very high susceptibility 
that is positive and on the order of 10!! SI-units (Moskowitz, 1991; Tarling and Hrouda, 1993, 
Baas et al., 2007). Only a very small fraction of ferromagnetic minerals is needed (~0.1% 
volume of the whole rock), to control the susceptibility anisotropy of a sample (Tarling and 
Hrouda, 1993). In absence of these minerals, paramagnetic contributions tend to dominate over 
diamagnetic contributions provided they comprise more than 1% of the rock (Tarling and 
Hrouda, 1993). 
 
 
 
Fig 1-5. Illustration depicting the three different classes of magnetization and arrangement of electron 
spins, both in the presence and absence of an applied field. Black arrows to the left of boxes show the 
orientation of the applied field, and white arrows to the right of boxes show the orientation of the 
resulting magnetization. Figure modified after Tarling and Hrouda (1993).  
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1.4.1.3 Magnetic anisotropy 
 
A material will always seek the most efficient configuration of electron spins to minimize 
its total energy (Tauxe et al., 2010). At the grain (or crystal) level, certain directions of 
magnetization are at a lower energy than others, resulting in an “easy axis” of magnetization. 
This preferred direction of magnetization referred to as magnetic anisotropy, is influenced by 
either the crystal lattice or crystal shape (Moskowitz, 1991). Magnetocrystalline anisotropy 
results from lattice forces acting on the electron spin configurations, resulting in magnetization 
along a specific crystallographic axis or plane (Tarling and Hrouda, 1993). Shape anisotropy 
arises from the interaction between magnetization and an internal demagnetizing field. This 
interaction results in the alignment of poles (surface charges) at opposite ends on each grain 
(Butler, 1992). In shape anisotropy, the preferred magnetization is normally oriented along the 
long axis of the grain to minimize its total energy. Both magnetocrystaline anisotropy and shape 
anisotropy are dependent upon a material’s magnetic mineralogy and grain size (Potter and 
Stephenson, 1988).  
 
1.4.1.4 Domain states 
 
Ferromagnetic grains can range in size (volume), which affects how they configure their 
electron spins (Dunlop and Özdemir, 1997). A large single ferromagnetic crystal can be broken 
down into smaller regions known as magnetic domains. Within a domain, the alignment of the 
electron spins is in the same direction. Within the next domain it may be opposite or different. 
By creating domains, the crystal minimizes magnetostatic energy by decreasing the spatial extent 
of the demagnetizing field (Moskowitz, 1991). As energy is required to produce and maintain 
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these regions of transition referred to as a domain wall (Fig 1-6c), this subdivision cannot 
continue indefinitely (Moskowitz, 1991). Ferromagnetic particles with more than one domain are 
referred to as multi-domain (MD) (Fig 1-6b). 
As grain size decreases, a threshold will be reached where the crystal will no longer 
create a domain wall because it is not energetically favorable (Moskowitz, 1991; Butler, 1992). 
Below this critical limit, the crystal contains a single-domain (SD) and is uniformly magnetized 
(Fig 1-6a). There is no precise boundary that defines the grain size transition between single- and 
multi-domain grains. In magnetite, the upper size limit for pure SD behavior is ~0.05 – 0.08 µm 
(Dunlop and Ozdemir, 1997; and references therin). Between ~0.4 – 10 µm, magnetite has so-
called pseudo-single domain (PSD) properties and in some ways behave as single-domain and in 
some ways as multi-domain (Dunlop, 2002). As grain size continues to decrease, another 
threshold will be reached where magnetization becomes unstable as the result of thermal 
energies. When this happens the grain becomes superparamagnetic (SP) and can lead to the easy 
rotation of spins across energy barriers. 
The presence of domains is inferred by the observation that some magnetic properties 
vary greatly with grain size, in particular coercivity and remanence (Moskowitz, 1991; Tauxe, 
1998).  Coercivity can be broadly defined as the resistance of a magnetic material to changes in 
magnetization. The process to change magnetization within a MD grain using low-strength fields 
is energetically easy, due to the preferential growth of domains with magnetization parallel to the 
field. Hence MD grains exhibit low values of coercivity and remanence. The process to change 
magnetization within a SD grain using a low-strength field is much more energetically difficult, 
as all spins must be coherently rotated together. Thus SD grains exhibit much higher values of 
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coercivity and remanence. Coercivity values in SP grains also exhibit low values as a result of 
the unstable randomizing effects of thermal energy.  
One caveat in interpreting AMS data is that SD grains exhibit what is referred to as an 
“inverse” fabric. The maximum susceptibility (easy axis) is parallel to the short axis, in contrast 
to a “normal” fabric where the maximum susceptibility is parallel to the long axis (Stephenson et 
al., 1986; Potter and Stephenson, 1988; Tarling and Hrouda, 1993). The inverse fabric arises 
from the fact that field required to switch the direction of magnetization in an SD grain (it’s 
coercivity) is considerably higher than the field applied in an AMS experiment.  AMS fabrics 
produced from low-coercivity MD grains are normal fabrics. While the susceptibility of PSD 
grains needs further attention, past studies with PSD magnetite as the primary contribution to 
magnetic susceptibility tend to yield a normal fabric (Raposo, 1997; Rochette et al., 1999). This 
is supported by that fact that PSD grains tend to have low coercivity values.  
Rocks are aggregations of ferromagnetic minerals distributed within a matrix of 
diamagnetic and paramagnetic contributions (Butler, 1992). As domain state and mineralogy can 
influence susceptibility, it is imperative to know the mineralogical composition and grain size 
distribution of the magnetic particles included in any AMS analysis. 
 
 
 
Fig 1-6. Illustration outlining ferromagnetic domain states and components, black arrows show the 
direction of magnetization (a) single-domain with surface charges, (b) multi-domain, (c) rotation of 
magnetic moments within a domain wall. Figure modified after Butler (1992).  
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1.4.2 Magnetic fabrics 
 
During the deposition or deformation of sedimentary rock, the geometrical and spatial 
distributions of its constituent grains tend to show a preferential orientation of grain shapes 
referred to as an anisotropic fabric (Pettijohn, 1975; Lowrie, 1989). During deposition, referred 
to as a ‘primary fabric,’ the preferred alignment of grains is the result of gravitational, lift, or 
drag forces acting on the particle (Rees, 1965; Allen, 1982; Taira, 1989). The forces controlling 
grain orientation in turn depend on the physical properties of the grains, the transport medium, 
flow type, flow velocity, and morphology of the depositional surface (Reineck and Singh, 1973). 
A ‘secondary fabric’ may develop during post-depositional processes, as a result of 
compressional, tensional, or shear forces acting on the particles. 
When an anisotropic fabric has an overlapping or shingling arrangement of grains, it is 
referred to as an imbricated fabric (Lindsey, 1972; Pettijohn, 1975; Potter and Pettijohn, 1977).  
The angle of imbrication can be defined as the angle at which grains lean away from a horizontal 
(a or b axis) or vertical (c-axis) position in the bedding plane (Fig1-7) (Hailwood and Ding, 
2000; Baas et al, 2007). Imbrication results from grains orientating themselves into a position 
where they are hydrodynamically stable (minimum resistance to fluid shear), thus the mean 
orientation of imbrication within a deposit can be used as a reliable paleocurrent indicator 
(Hamilton and Rees, 1970; Lindsey, 1972; Potter and Pettijohn, 1977; Hailwood and Ding, 
2000).   
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Fig 1-7. Production of grain imbrication by fluid flow, showing imbrication angles both from horizontal 
and vertical positions in respect to the bedding plane; c-axis = short, b-axis = intermediate, a-axis = 
long. In ‘normal fabrics’ magnetic susceptibility axes are aligned with the imbricated grain axes. Figure 
modified after Hailwood and Ding (2000). 
 
1.4.2.1 Graphical representations of AMS 
 
AMS is geometrically represented by a susceptibility ellipsoid with three principle axes: 
maximum (𝒌𝒌!), intermediate (𝒌𝒌!), and minimum (𝒌𝒌!) known as eigenvectors and are used to 
describe the orientation of the ellipsoid, which can be used to classify direction of sediment 
transport (Fig 1-7). The magnitude of the susceptibility axes can be described by their 
eigenvalues (τ!, τ!, and τ! respectively) and are used to describe the shape of the ellipsoid. 
Directions of these principle axes are plotted on a lower hemisphere equal area (LHEA) stereonet 
projection. The axes of maximum, intermediate, and minimum susceptibility are plotted as red 
squares, blue triangles, and black circles respectively (Fig 1-8).  
 
1.4.2.2 Fabric type and depositional process 
 
Review of literature has identified four primary depositional fabric patterns: (1) 
horizontal fabric, (2) flow-aligned fabric, (3) flow-transverse fabric, (4) flow-oblique fabric (Fig 
1-8).  
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When grains are deposited in a low energy environment and fall through a still column of 
water (or air), the dominant influence on particle orientation is gravity. If the surface of 
deposition is horizontal, the long (𝒌𝒌!) and intermediate (𝒌𝒌!) axes of the grains will be almost 
parallel to the plane, and the short axes (𝒌𝒌!) will be perpendicular. As grains tend to fall thru 
suspension with their broadside perpendicular to the gravitational force (Allen, 1982), the 
orientation of 𝒌𝒌! and 𝒌𝒌! will be distributed randomly within the horizontal plane, and 𝒌𝒌! will be 
clustered near vertical when projected on an equal-area stereonet. This ‘horizontal fabric’ is 
indicated by a strong foliation (Fig 1-8A).  
When grains are deposited in a moderate-energy environment, transported by low to 
medium velocity flows, grains tend to be imbricated up-current with their long axes parallel to 
flow (Fig 1-7). The outcome is a tight cluster of 𝒌𝒌! slightly off from vertical (10-30°), with a 
tight cluster of 𝒌𝒌! dipping slightly from the bedding plane on an equal-area stereonet. This ‘flow-
aligned fabric’ is indicated by a strong lineation (Fig 1-8B). Flow direction is indicated by the 
imbrication of 𝒌𝒌! eigenvectors deflected from the vertical when projected in a LHEA stereonet. 
When grains are deposited in high-energy environments, transported by high velocity 
flows, and/or sometimes sheared dispersion, grains are hydrodynamically stable with their long 
axes perpendicular to flow. The result is a split cluster of 𝒌𝒌! along the bedding plane, and a tight 
cluster of 𝒌𝒌! imbricated up to 30° off from vertical, orthogonal to the alignment of 𝒌𝒌! on an 
equal-area stereonet. This ‘flow-transverse fabric’ is commonly referred to as a ‘rolling fabric’ 
(Fig 1-8C). Flow direction is indicated by the imbrication of 𝒌𝒌! eigenvectors deflected from the 
vertical when projected in a LHEA stereonet. 
Flow-oblique fabrics have not been thoroughly explored, and may occur more often than 
mentioned in literature. The term is often used when flow directions from AMS fabrics deviate 
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from a secondary flow indicator by several tens of degrees. Baas et al. (2007) defines a flow-
oblique fabric as when the 𝒌𝒌! axes are oriented at a significant angle to the main flow direction. 
This would suggest flow-oblique fabrics cannot be identified without a secondary flow indicator 
(i.e., sedimentary structure). Causes for flow-oblique fabrics have been attributed to clast 
interactions in a viscous flow, spatial changes in current direction, changes in flow regime, 
changes in substrate roughness, and soft sediment deformation (Baas et al., 2007). For the 
purpose of this study, a flow-oblique fabric is defined as when the 𝒌𝒌! and 𝒌𝒌! axes are oriented at 
~45° from the direction in which the 𝒌𝒌! is deflected from the vertical (Fig 1-8D). 
It should be noted that grain imbrication may or may not develop in flow-aligned, flow-
transverse, and flow-oblique fabrics. Why imbrication may not occur has not been thoroughly 
explored, but suggested causes include sudden changes in flow regimes, and compaction. 
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Fig 1-8. Four primary depositional fabric patterns in lower hemisphere equal area stereonet projection. 
Imbricated subtypes shown in (b), (c) and (d). Horizontal fabric (a) is non-imbricated by definition. Black 
arrows in drawings and stereograms denote flow direction. Figure modified after Baas et al. (2007).  
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1.4.2.3 Past Research 
 
Over the years, AMS has been used to try and infer a variety of glaciogenic deposition 
including subglacial and subaqueous diamictites (e.g., Fuller, 1962; Gravenor et al., 1973; 
Stupavsky et al., 1974a, 1974b; Taira and Scholle, 1979, Gravenor, 1985; Eyles et al., 1987). 
Subglacial deposition includes lodgment at the base of a glacier, in situ melt-out below stagnant 
ice, and deformation of previously deposited sediment (Evans et al., 2007). Subaqueous 
deposition includes sediment gravity flows resulting from debris flows, density flows, turbidity 
currents, and/or slumps near the ice margin or distal areas within glaciomarine, glaciolacustrine, 
and proglacial environments, including rain-out deposition resulting from meltwater plumes and 
ice rafted debris (Gravenor, 1985; Eyles et al., 1987). It is generally agreed that rain-out 
deposition in a glaciogenic subaqueous environment typically results in a horizontal fabric 
(Hamilton and Rees, 1970; Gravenor 1985; Eyles et al., 1987). However, it should be made clear 
that weak to moderate currents on the basin floor can resediment these deposits into a flow-
aligned fabric (Gravenor, 1985, Eyles et al., 1987). The structure and dispersion of sediment 
laden subaqueous debris/density flows and turbidity currents seem to vary depending upon 
multiple factors including the percentage of clasts and grains in suspension, the transport 
medium, and flow velocity (Rees, 1983; Pickering and Hiscott, 2015). While the exact nature of 
these deposits are still in question, there tends to be a general agreement that subaqueous mass 
transport deposits moving down a paleoslope typically result in either a flow-aligned or flow-
transverse fabric (Taira and Scholle, 1979; Rees, 1983; Gravenor, 1985; Eyles et al., 1987), but 
flow-oblique fabrics have been observed (Rees, 1983). The planar and linear components may 
vary in MTDs depending upon the position within a vertical or horizontal succession (Taira and 
Scholle, 1979). It should be noted that sedimentation as mass transport may or may not be related 
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to glacial activity. Such deposits occur along the margins of all sedimentary basins at all latitudes 
due to sedimentation on slopes. Such re-sedimentation typically produces diamictites, 
deformation, shearing and sediment gravity flows (Masson et al., 2013). It should also be noted 
that hyperpycnal flows originating at the mouths of rivers entering an ocean (including fjords) 
can produce turbidity flows which should not be classified as mass transport (Syvitski et al., 
1987; Mulder and Syvitski 1995; Locat and Lee, 2002).  
While past studies of AMS in subglacial tills have resulted in weakly developed fabrics, 
showing weak-moderate relation to ice flow direction (Fuller, 1962; Gravenor et al., 1973; 
Stupavsky et al., 1974a, 1974b; Eyles et al., 1987), Hooyer et al. (2008) and Iverson et al. (2008) 
recently applied AMS to tills with experimental data that link strain direction and magnitude 
using a ring shear device. Their studies indicate a weak relatively symmetric girdle of 𝒌𝒌! can 
form from consolidation, which can strengthen with moderate shear strains of ~6, resulting in an 
up-glacier imbrication of grains with 𝒌𝒌! and 𝒌𝒌!orientations increasing in alignment in the 
direction of shear (Fig 1-9). At high shear strains of ~25, 𝒌𝒌!orientations became more tightly 
clustered in the direction of shear. Based upon these experimental studies, then, tills can exhibit 
random fabrics, to weakly flow aligned fabrics, to strongly flow aligned fabrics depending upon 
the degree of shearing the till has undergone. Tills exhibiting random (disordered) fabrics are 
attributed to sub and supra -glacial melt-out processes. 
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Fig 1-9. Experimental data of sheared till that link strain direction and magnitude to AMS. Lower 
hemisphere stereonets accompany each data point showing the maximum (red squares), intermediate 
(grey triangles), and minimum (black circles) principal susceptibilities. Eigenvalue represents the degree 
of clustering; 0.33 indicates no alignment, 1.0 indicates perfect alignment. Tills can exhibit random 
fabrics, to weakly flow aligned fabrics, to strongly flow aligned fabrics, which are dependent upon the 
degree of shearing the till has undergone. Figure modified after Hooyer et al. (2008).
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CHAPTER 2. METHODS 
2.1 Field methods 
 
A sample collection scheme was adopted and modified from Butler (1992). A ‘location’ is 
referred to as a succession of sedimentary units at a specific place within a geographic region. A 
‘site’ is an exposure of a particular unit within a sedimentary succession. A ‘sample’ is a 
separately oriented piece of rock from a site (i.e., a single core). A ‘specimen’ is a piece of a 
sample, which is measured. For the purpose of this study, it is expected that all samples from a 
site have similar mineralogy and magnetic behaviors. 
Samples were collected from vertical and horizontal successions located within quarries, 
along road and railroad cuts, and from natural exposures on private property (which access was 
permitted). Sampling followed procedures that have been successful elsewhere (e.g., Tarling and 
Hrouda, 1993). A water-cooled Pomeroy DE-T3 electric rock core drill equipped with a 
Pomeroy BSS-1E diamond drill bit (2.86 cm) with stainless steel shank was used to extract the 
cores.  A Pomeroy orienting device was used to find the magnetic azimuth and hade of a fiducial 
line scribed on the top of the core in the drill direction. To average out sampling errors, a 
minimum of four cores (2.5 cm in diameter by ~7-12 cm in length) were taken from each site 
and later processed into 8-19 specimens (2.5 cm in diameter and 2.2 cm in length) using a 
Hillquist 61 cm slab saw, with a 1.9 mm diamond blade. Drill bits and rock saw blades were 
cleaned and dressed before each use to avoid contamination.   
In addition to collecting cores for magnetic fabric analysis, the following in-field 
measurements were recorded using a Brunton compass from each stratigraphic unit sampled, 
and/or neighboring beds, and/or horizontal/vertical successions: visible strike/dip and/or 
foliation/lineation, fault/fracture orientations, unit thickness, and note of any sedimentary 
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structures with associated orientations (e.g. striated/grooved/plowed surfaces, deformational 
structures, cross-bedding). All measurements were corrected for locational variations in magnetic 
declination using an online magnetic field calculator (World Magnetic Model 2015) provided by 
the National Centers for Environmental Information (NCEI). All deposits were classified using a 
non-genetic classification of poorly sorted sediments (Fig 2-1) modified from Moncrieff (1989) 
by Hambrey and Glasser (2003). A classification to describe bed and laminae thickness was 
adopted from Boggs (2001): very thick-bedded (>100 cm), thick-bedded (30 cm to 100 cm), 
medium-bedded (10 cm to 30 cm), thin-bedded (3 cm to 10 cm), very thin-bedded (1 cm to 3 
cm), laminated (0.3 cm to 1 cm), thinly laminated (<0.3 cm). A classification to interpret 
subaqueous sedimentary density flows (Fig 2-2) either as debris flows, hyperconcentrated 
density flows, concentrated density flow or turbidity flows was adopted from Mulder and 
Alexander (2001). 
 
 
 
Fig 2-1. Non-genetic classification of poorly sorted sediments. Figure from Hambrey and Glasser (2003); 
modified after Moncrieff (1989). 
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Fig 2-2. Classification of subaqueous sedimentary density flows. Figure from Mulder and Alexander 
(2001).
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2.2 AMS and magnetic analyses 
2.2.1 Susceptibility vs. temperature 
 
A standard method to identify the dominant ferromagnetic (s.l.) mineralogy present in a 
sample is through the measurement of susceptibility as a function of temperature, χ(T) (Fig 2-2). 
(Hrouda, 1994). Ferromagnetic magnetization arises from the cooperative behavior among atoms 
exchanging electrons, referred to as exchange energy (Tarling and Hrouda, 1993).  As 
temperature increases, magnetic crystals expand and exchange energy decreases (Tauxe at al., 
2010). Eventually a critical temperature is reached referred to as the Curie (Néel) temperature 
(𝑇𝑇!), where thermal energy dominants over exchange energy and produces a randomizing effect 
on electron spins, causing a dramatic reduction in susceptibility. Curie temperature is an intrinsic 
property, and therefore is a good indicator of magnetic mineralogy (Petrovsky and Kapicka, 
2006).  
High-temperature susceptibility vs. temperature measurements were conducted using an 
AGICO MFK1-FA Multifunction Kappabridge with CS4 furnace attachment operated within the 
UWM Department of Geosciences using the Sufyte5W thermomagnetic curve control software 
(AGICO, 2011b). Crushed samples were heated under Ar atmosphere from room temperature to 
700°C and then cooled while continuously measuring susceptibility. A cooling curve that sharply 
differs from the heating curve usually indicates the occurrence of mineralogical changes during 
initial heating. The temperature associated with the peak in the first derivative is taken to be the 
critical temperature. Curie temperatures for common magnetic minerals include: magnetite 
(580°C), titanomagnetite (Fe3-xTixO4) (150°C for x = 0.6), and hematite (675-680°C) (Tarling 
and Hrouda, 1993; Tauxe et al., 2010).  
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Fig 2-3. Example of a thermomagnetic curve from a high-temperature susceptibility vs. temperature 
measurement; normalized susceptibility on the y-axis, temperature (°C) in the x-axis.  The first derivative 
minima occurs ~580°C, indicating the presence of magnetite. 
 
2.2.2 Magnetic hysteresis 
 
An integral property of ferromagnetic materials is their ability to record the direction of 
an applied magnetic field (Butler, 1992). During the removal of a magnetizing field, 
magnetization does not return to zero, but retains a memory of the external inducing field. The 
path of magnetization (M) as a function of applied field (𝐵𝐵) is called a hysteresis loop (Butler, 
1992). The shape of the loop is determined by several factors including the nature of 
magnetization (ferro- para- and diamagnetic), mineralogy, grain size, and concentration of each 
contributing mineral (Krasa, 2007).  
Magnetic hysteresis is used to estimate magnetic grain size and ratios of magnetic 
contributions. Hysteresis loops were collected using a Princeton Applied Research Vibrating 
Sample Magnetometer (VSM) at room temperature located at the Institute for Rock Magnetism 
(IRM), University of Minnesota. A VSM measures the magnetization of a material in an applied 
field by mechanically vibrating the sample through a system of pickup coils (Krasa, 2007). B is 
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cycled from zero to +1T, back to zero, up to -1T, and then back to  +1T, while corresponding M 
values are measured (Fig 2-3) (Krasa, 2007). Through these measurements, several magnetic 
parameters can be determined including: saturation magnetization (𝑀𝑀!), the maximum 
magnetization attainable; saturation remanent magnetization (𝑀𝑀!), the maximum magnetization 
under no applied field; and coercivity (𝐵𝐵!), the reverse applied field required to reduce the 
saturation magnetization to zero. A fourth parameter is determined from the so-called ‘backfield 
curve’: coercivity of remanence (𝐵𝐵!"), the counter field necessary to remove the saturation 
remanence measured in zero field. Backfield curve measurements begin by saturating the sample 
in a maximum, positive field and then measuring the sample’s remanent magnetization in a zero 
field. A small, negative field (or backfield) is applied to the sample and increased in steps until 
the remanent magnetization (in a zero field) is reduced to zero (Krasa, 2007). 
 
 
 
Fig 2-4. Example of a hysteresis loop showing the relationship of magnetization (M) as a function of an 
applied magnetic field (B) in both positive and negative directions. (A and D) saturation magnetization 
(𝑴𝑴𝒔𝒔), the maximum magnetization attainable, (B and E) the remanent saturated magnetization (𝑴𝑴𝒓𝒓), the 
magnetization under no applied field, (C and F) coercivity (𝑩𝑩𝒄𝒄), the reverse applied field required to 
reduce the saturation magnetism to zero.  
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General information about the magnetic contributions of a sample can be observed from 
the shape of the hysteresis loop. Since diamagnetic and paramagnetic minerals do not carry 
remanent magnetization, they have null values of coercivity and saturation remanent 
magnetization, thus they have no magnetic hysteresis and only show negative (Fig 2-4a) and 
positive (Fig 2-4b) relationships respectively. On the other hand, as all ferromagnetic minerals 
carry remanent magnetization, they all retain magnetization in zero field and their values of 
coercivity are dependent upon grain size and composition. As SD grains possess high values of 
coercivity, their loops tend to be much larger (more open) than those of PSD and MD grains (Fig 
2-4c). 
As many rocks and sediments contain combinations of para- dia- and ferromagnetic 
contributions, many hysteresis loops will contain mixtures of shapes (i.e., paramagnetic and 
ferromagnetic). We can use a hysteresis loop to estimate the ratios of magnetic contributions. 
Unlike ferromagnetic constituents, which eventually reach a maximum magnetization attainable 
under increasing high-field strengths, paramagnetic and diamagnetic components will continue 
to increase indefinitely (Moskowitz, 1991; Tauxe et al., 2010). By subtracting high-field (𝑋𝑋!!) 
contributions (paramagnetic and diamagnetic) from low-field (𝑋𝑋!) corrected contributions 
(ferromagnetic), we can approximate the respective ratios contributing to the magnetic 
susceptibility of the sample (Tauxe et al., 2010). 
Hysteresis parameters are often summarized on a Day plot (Day et al., 1977) of 𝑀𝑀!/𝑀𝑀! vs 
𝐵𝐵!"/𝐵𝐵! (Fig. 2-5). This provides some guidance on the average ferromagnetic grain size.  Dunlop 
(2002) made theoretical calculations of hysteresis parameters for magnetite in different domain 
states (and mixtures of domain states) (Fig 2-5). The theoretical trends for these mixtures can be 
used to estimate the average domain state of a sample (Krasa, 2007). 
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Fig 2-5. Idealized hysteresis loops of end-member behaviors: (a) diamagnetic, (b) paramagnetic, (c) 
ferromagnetic. The size (thickness) of the loop in (c) reflects differences in ferromagnetic grain sizes. 
Figure modified after Tauxe et al. (2010). 
 
 
 
Fig 2-6. Theoretical Day plot curves for magnetite showing regional locations for domain states and 
domain state mixtures; purple (SD), blue (PSD), green (MD), yellow (SP-SD). Figure modified after 
Dunlop (2002).
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2.2.3 Anisotropy of magnetic susceptibility measurements 
 
All specimens were analyzed for AMS measurements using an AGICO Geophysika MFK1-
FA Multifuction Kappabridge operated within the UWM Department of Geosciences using the 
Safyr6 control software (AGICO, 2011a). Measurements were conducted in a 976 Hz applied 
field at room temperature with a 200 𝐴𝐴𝐴𝐴!! peak intensity, using the MFK1-A’s spinning 
specimen method (Jelinek, 1995). The specimen is placed in the arm of the bridge in three 
orthogonal positions and is automatically rotated inside the pickup coils about each axis, X!, X!, 
and X! respectively (Fig 2-6) (Gee et al., 2008; AGICO, 2009). 192 measurements in total are 
made (64 about each axis), in addition to one bulk susceptibility measurement for each specimen 
(AGICO, 2009). The azimuth and dip of each sample recorded in-field is used to rotate data into 
geographic coordinates. 
 
 
 
Fig 2-7. Three specimen spin-positions used with the Kappabridge MFK1-FA. Heavy gray arrow 
illustrates the axis of rotation. Orientation of geographic coordinates indicated by the azimuth and 
plunge of the X_1 axis (red arrow). Figure modified after Gee et al. (2008).
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As susceptibility varies with direction, the Safyr6 control software calculates a second-
rank tensor to characterize it (Jelinek, 1977, 1997; AGICO, 2011a). A tensor can be broadly 
defined as a way to describe the linear relationship(s) between vectors, scalars, and other tensors. 
Here, the susceptibility tensor describes the relationship between the applied field vector, B, and 
the induced magnetization vector, M. Following the coordinate system outlined in (Fig 2-6), the 
susceptibility tensor (𝜒𝜒!") may be expressed as follow. 
 
𝜒𝜒!" =
𝜒𝜒!! 𝜒𝜒!" 𝜒𝜒!"
𝜒𝜒!" 𝜒𝜒!! 𝜒𝜒!"
𝜒𝜒!" 𝜒𝜒!" 𝜒𝜒!!
 
 
The susceptibility tensor has 9 elements to account for magnetization in three orientations 
due to an applied field in the three orientations. However as the tensor is symmetric, 
there are only 6 independent matrix elements (i.e., 𝜒𝜒!"= 𝜒𝜒!"). The tensor is a three dimensional 
depiction of the specimen’s magnetic susceptibility, geometrically represented by an ellipsoid 
with three principle axes: maximum or long (𝒌𝒌!), intermediate (𝒌𝒌!), and minimum or short (𝒌𝒌!). 
As previously mentioned, these axes of magnetic susceptibility are referred to as eigenvectors 
and are used to describe the orientation of the ellipsoid. The magnitude of the susceptibility axes 
can be described by their eigenvalues (τ!, τ!, and τ3 respectively) and are used to describe the 
shape of the ellipsoid. 
 
2.2.3.1 Anisotropy parameters 
 
Past studies have used a wide range of shape and magnitude parameters to characterize 
AMS data. The eigenparameters of the susceptibility tensor are related to the statistical alignment 
and distribution of magnetic contributions within the rock (Tauxe et al., 1998). Some of the most 
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widely used are the Hext (1963) F statistics to determine significance of eigenvalue ratios on the 
specimen level. The F statistics are calculated as follows: 
 
𝐹𝐹 =  0.4
τ!
!  +  τ!
!  +  τ!
! −  3𝜒𝜒!
!
𝜎𝜎!!
 
 
 
𝐹𝐹!" = 0.5 
τ! −  τ!
𝜎𝜎!
!
 
 
 
𝐹𝐹!" = 0.5 
τ! −  τ!
𝜎𝜎!
!
 
 
where 𝜒𝜒!  is the bulk susceptibility. 𝜎𝜎! =  
!!
!!
  is the estimated variance of the data, 𝑛𝑛! = 9 
(the number of degrees of freedom), and 𝑆𝑆! is the residual sum of squares (Hext, 1963; Tauxe et 
al., 2010). The F parameter tests for significance of overall anisotropy (the tensor is statistically 
isotropic if F < 3.4817); the 𝐹𝐹!" parameter tests for significant difference between τ! and τ! (the 
tensor is statistically oblate if 𝐹𝐹!" < 4.2565). 𝐹𝐹!" parameter tests for significant difference 
between τ! and τ! (the tensor is statistically prolate if 𝐹𝐹!" < 4.2565) (Hext, 1963; Tauxe et al., 
2010). If any specimen fell below the critical value of the F parameter test (at the 95% 
confidence level), the specimen was not included in the fabric analyses.  
Other commonly used parameters to classify the shape of the anisotropy ellipsoid are 
lineation (𝑃𝑃!) and foliation (𝑃𝑃!), both functions of normalized susceptibility eigenvalues 𝜏𝜏!, 𝜏𝜏!, 
and 𝜏𝜏! (Balsley and Buddington, 1960; Stacey et al., 1960; Tarling and Hrouda, 1993). Lineation 
and foliation are calculated (AGICO, 2011a) as follows  
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𝑃𝑃! =  
𝜏𝜏!
𝜏𝜏!
 
 
 
𝑃𝑃! =  
𝜏𝜏!
𝜏𝜏!
 
 
and can be plotted against each other in a Flinn-type plot (Flinn, 1962) to measure the degree of 
lineation or foliation at the specimen level (Tarling and Hrouda, 1993). Another useful parameter 
which provides a single measure of both lineation and foliation is the shape parameter (𝑇𝑇), also 
functions of normalized susceptibility eigenvalues 𝜏𝜏!, 𝜏𝜏!, and 𝜏𝜏! (Jelinek, 1981; Tarling and 
Hrouda, 1993). The shape parameter is calculated (AGICO, 2011a) as follows 
 
𝑇𝑇 =  
2 ln 𝜏𝜏! 𝜏𝜏!
ln 𝜏𝜏! 𝜏𝜏!
− 1 
 
where 0 < T ≤ 1 corresponds to an oblate shape, -1 ≤ T < 0 corresponds to a prolate shape, and a 
value of 0 is neutral. The last commonly used anisotropy parameter is the corrected anisotropy 
degree (𝑃𝑃!), which is used to describe the magnitude (or strength) of anisotropy (Jelinek, 1981; 
Tarling and Hrouda, 1993). The corrected anisotropy degree is calculated (AGICO, 2011a) as 
follows, where  𝜂𝜂! = 𝑙𝑙𝑙𝑙𝑘𝑘!, 𝜂𝜂! = 𝑙𝑙𝑙𝑙𝑘𝑘!, 𝜂𝜂! = 𝑙𝑙𝑙𝑙𝑘𝑘!, and 𝜂𝜂! =  𝜂𝜂! +  𝜂𝜂! +  𝜂𝜂! /3.  
 
𝑃𝑃! = 𝑒𝑒𝑒𝑒𝑒𝑒 𝜂𝜂! −  𝜂𝜂! ! +  𝜂𝜂! −  𝜂𝜂! ! +  𝜂𝜂! −  𝜂𝜂! !  
 
2.2.3.2 Bootstrap error analysis 
 
Constraining flow directions within AMS data can be problematic, as the data in most 
magnetic analyses is much more poorly clustered then the ideal cases shown in (Fig 1-8). These 
weakly-developed fabrics can result from complicated flow regimes or post-depositional 
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processes (Tauxe, 1998). Consequently, confidence in flow interpretations often depends upon 
some statistical evaluation of the data. A common approach to interpreting the distribution of 
vectors is the application of spherical probability density functions (PDF’s) (Fisher, 1953; 
Bingham, 1974; Kent, 1982; Tauxe eat al., 2010).  However, a different approach is required for 
tensors, where the three eigenvectors are not independent.   
At the specimen level, it is common to use Hext statistics to describe how well a set of 
measurements describes the anisotropy of a given specimen.  However, when combining results 
from multiple specimens, Hext statistics are not appropriate, as they do not follow the 
conditional presumption that the uncertainties in measurements are: small, have zero mean, and 
are normally distributed (Tauxe at al., 2010). To analyze uncertainty in principal mean 
orientations, 95% confidence ellipses were created using a bootstrap method for paleomagnetic 
tensors developed by Tauxe (1998). As majority of our sites contained fewer then 20 specimens, 
a parametric approach was taken. The parametric bootstrap method follows a similar 
methodology to a simple (naïve) bootstrap but assumes the data has an underlying distribution. 
The method proceeds as follows: (1) calculate the mean of N data points, (2) create a ‘paradata 
set’ by randomly selecting a list of N tensor elements from a normal distribution with the mean 
and standard deviation of the entire site (some points will be used more than once, other points 
will no be used at all), (3) from the paradata set, calculate the mean, (4) repeat the procedure of 
selecting paradata sets and calculating the mean 𝑁𝑁! times (𝑁𝑁! equal to e.g., 10,000) (Tauxe et al., 
1998). The 95% confidence interval is the surface that encloses 95% of the para-mean 
eigenvectors.  To determine whether or not two axes are statistically distinct, we can additionally 
compare the cumulative distribution functions of the eigenvalues (Fig 2-7). We can then classify 
the AMS fabric as triaxial, oblate, prolate, or isotropic (Fig 2-7). Triaxial fabrics have 
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statistically distinct 𝒌𝒌!, 𝒌𝒌!, and 𝒌𝒌! orientation distributions (2-7d). Oblate fabrics have a distinct 
𝒌𝒌! distribution and indistinct 𝒌𝒌! and 𝒌𝒌! distribution (2-7b). Prolate fabrics have a distinct 𝒌𝒌! 
distribution and indistinct 𝒌𝒌! and 𝒌𝒌! distribution (2-7c). If none of the orientation distributions 
are distinct, it is referred to as an isotropic fabric (2.7a). Parametric bootstraps along with 
cumulative distributions of the bootstrapped eigenvalues were calculated using PmagPy software 
with the aniso_magic.py plugin (Tauxe et al., 2016). The 95% confidence bounds of the 
cumulative distributions are plotted as vertical lines (Fig 2-7). 
 
 
 
Fig 2-8. Classification of AMS fabric using bootstrap confidence ellipses. (a-d) selected data sets plotted 
as eigenvector directions from individual specimens, (e-h) the bounds containing 95% of each eigenvalue 
are shown as vertical dashed dot line for 𝝉𝝉𝟑𝟑, dashed for 𝝉𝝉𝟐𝟐 and solid for 𝝉𝝉𝟏𝟏. Figure modified after Tauxe 
et al. (2010).  
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CHAPTER 3. FIELD LOCATIONS, FABRIC ANALYSIS, AND DISCUSSION 
3.1 Introduction 
 
This research project focused on collecting and interpreting AMS fabrics of late 
Carboniferous glaciogenic deposits within the Paraná Basin in order to better interpret 
depositional processes and determine the direction of sediment transport. Samples were collected 
from the outcrop belt along the southern and eastern margin of the basin in the states of Rio 
Grande do Sul, Santa Catarina, and Paraná (Fig 3-1). These areas are part of a collaborative 
study by Dr. John Isbell from UWM; Dr. Fernando Vesely from Universidade Federal do Paraná, 
Brazil (UFPR); Dr. Roberto Iannuzzi from Universidade Federal do Rio Grande do Sul 
(UFRGS); Dr. Isabel Montañez from the University of California, Davis; and Dr. Roland Mundl 
from the University of California, Berkeley. Nomenclature from Schneider et al. (1974) was used 
to classify outcrops according to formations of the Itararé Group.  
In August of 2016, a total of 25 sample sets were collected from nine different locations, 
seven of which are included as the focus of this study. 13 samples sets were collected from four 
localities on the eastern margin of the basin in the states of Santa Catarina and Paraná: Alfredo 
Wagner (2), Aurora (1), Campo do Tenente (7), and Porto Amazonas (3). Six fabrics were 
collected from three localities on the southern margin of the basin in the states of Rio Grande do 
Sul: Cachoeira do Sul (3), Ibaré (2), and São Gabriel (1). 
Specimen AMS measurements from these locations can be found in Appendix A and 
magnetic analyses in Appendix B. Brief field descriptions, AMS measurements (fabric and 
specimen), and magnetic analyses for locations not included in this study (Bassani and Mariana 
Pimentel) can be found in Appendix C and D. All sample sets from Bassani showed fabrics that 
were statistically isotropic except one. Additionally, two of the fabrics from Bassani showed 
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evidence of inverse fabrics.  The massive, red mudstone unit sampled at the Morro do Popoleau 
outcrop near Mariana Pimentel is correlated the Rio Bonito Formation which stratigraphically 
lies above the Itararé Group. 
 
 
Fig 3-1. Location map of sample sites along the eastern and southern margins of the Paraná Basin.
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3.2 Alfredo Wagner 
3.2.1 Field description 
 
In the state of Santa Catarina, a road cut exposure in the municipality of Alfredo Wagner 
along Highway BR-282 (km-89) was sampled (27°40'40.7"S, 49°13'00.7"W). The outcrop is 
correlated to the lower Rio do Sul Formation (Fig 1-4) and was first documented by Rocha-
Campos et al. (1988) and later visited by Rosa et al. (2016) (Fig 3-2A). At the base of the 
exposure, a massive half meter thick diamictite (Fig 3-2B2) drapes relief cut on Precambrian 
granite, confined in a basement trough (Fig 3-2B1), which, in turn, is overlain by a meter thick 
stratified diamictite that drapes depositional relief on the underlying massive diamictite (Fig 3-
2B3). Black shale blankets the outcrop (Fig 3-2B4). Both massive and stratified diamictites are 
laterally discontinuous and are classified as a ‘clast-rich’ and ‘clast-poor intermediate’ diamictite 
respectively. Striations and crescentic gouges on the surface of the granitic basement beneath the 
massive diamictite suggest a NW/SE ice paleoflow trend of 327/147°  (Rocha-Campos et al., 
1988). 
 
3.2.2 AMS and magnetic analysis 
 
Six cores were extracted from the massive diamictite (site B8) (Fig 3-3A), yielding 19 
specimens (Table A-1). Five cores were extracted from the stratified diamictite (site R7) (Fig 3-
3B), yielding 11 specimens (Table A-2). All specimens from both sites passed the F test and 
were included in the AMS analyses. Site B8 shows a flow-aligned fabric that is triaxial and 
imbricated, dipping at ~12° towards the SE suggesting flow towards the NW (Fig 3-4A). Site R7 
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shows a flow-oblique fabric that is triaxial and imbricated, dipping at ~23° towards the E 
suggesting flow towards the W (Fig 3-4B). 
Magnetic analyses from sites B8 and R7 are included in Appendix B in detail, Fig B-1 
and Fig B-2 respectively. Hysteresis measurements from both sites show loops characteristic of 
strong paramagnetic contributions. Susceptibility vs. temperature measurements indicate low-
field ferromagnetic contributions from most likely magnetite (~580°C) at both sites, with 
additional phases occurring at 300°C and 400°C upon cooling, indicating that the sample 
underwent alteration during heating. Hysteresis parameters suggest the ferromagnetic grain size 
for both fabrics fall within PSD range. 𝑋𝑋!! to 𝑋𝑋! ratios for both sites are 6:1, suggesting 
paramagnetic contributions dominate. All of the above suggests that the AMS is controlled by 
shape anisotropy, resulting in a normal fabric. 
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Fig 3-2. (A) Alfredo Wagner road cut along Highway BR-282 in the state of Santa Catarina. Yellow 
boxes indicate approximate locations of sample sites. (B1) Precambrian granite, (B2) massive diamictite, 
(B3) stratified diamictite, (B4) black shale. Figure B modified after Rosa et al., (2016). 
A	
B	
1m 
1m 
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Fig 3-3. Sample sites at the Alfredo Wagner road cut in the state of Santa Catarina, (A) massive 
diamictite (site B8), (B) stratified diamictite (site R7)
B	
A	
0.5m 
0.5m 
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Fig 3-4. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at Alfredo Wagner road cut (A) 
B8 (massive diamictite), (B) R7 (stratified diamictite). Maximum eigenvector indicated by red squares, 
intermediate by blue triangles, and minimum by black circles.  
B	A	
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3.2.3 Location discussion 
 
Rocha Campos et al. (1988) interpreted this succession to include both subglacial and 
subaqueous facies. The undulating, striated, gouged, and scoured surface cut on the granitic 
basement indicates the occurrence of subglacial erosion (Evans et al. 2007). Deposition of the 
massive diamcitite directly on this surface suggest deposition as a subglacial traction till. 
Stratified diamictites are often attributed to stacked debris flows, common in glaciomarine 
environments (Eyles et al., 1993), but it should be noted that stacked debris flows can also 
operate subglacially if you have troughs or cavities at the ice-bed interface. According to Rocha 
Campos et al. (1988), crescentic gouges on the striated surface allowed them to infer ice–flow 
towards the NW, however Rosa et al. (2016) reported that due to weathering, those structures no 
longer existed.  
Past studies have reported subglacial tills exhibiting isotropic to weakly developed flow-
aligned fabrics (Fuller, 1962; Gravenor et al., 1973; Stupavsky et al., 1974a, 1974b; Eyles et al., 
1987). Hooyer et al. (2008) experimentally demonstrated that tills with an isotropic fabric can 
develop a weak-to-strong flow-aligned fabric (imbricated up-glacier, dipping 10-30°) based upon 
the degree of shearing the till has undergone. The sample set from the massive diamictite shows 
a strong, flow-aligned fabric that is imbricated, dipping towards the SE thus suggesting a NW 
flow direction (Fig 3-4A). This data supports Rocha Campos et al. (1988) claim of ice flow to 
the NW determined from crescentic gauges on the striated basement. It should be noted that 
strong, flow-aligned fabrics can also develop subglacially by other processes which include: 
flowing water at the ice-bed contact, or plowing of particles through subglacial lodgment 
(Hooyer at al., 2008). The striations suggest that water was present at the ice-granite interface at 
the time the basement was overridden by ice.  
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The stacking of 10-30cm thick clast-poor, mud-rich deposits with sharp contacts would 
suggest that the stratified diamictites are most likely is the result of subaqueous debris flows (cf. 
Eyles et al., 1993; Mulder and Alexander, 2001). The sample set from the stratified diamictite 
(site R7) shows a flow-oblique fabric that is imbricated towards the E, which suggests a W flow 
direction (Fig 3-4B). While flow –aligned, -transverse fabrics are most commonly observed in 
debris flows, Rees (1983) experimentally demonstrated flow-oblique fabrics could develop in 
viscous (non-Newtonian) flows as a result of clast interactions between varying percentages of 
clasts and grains in suspension. 
 
3.3 Aurora 
3.3.1 Field description 
 
In the state of Santa Catarina, a quarry in the municipality of Aurora along Highway SC-
35, ~6 km north of Ituporanga was sampled (27°21'09.2"S, 49°36'45.4"W). The excavated 
exposure (Fig 3-5A) is interpreted to be part of the upper Rio do Sul Formation (Fig 1-4). 
Majority of the exposure consists of a massive diamictite classified as a ‘clast-poor muddy 
diamictite’ ~24 m thick, showing soft-sediment deformation features (i.e., folds, faults, shear 
planes and allochthonous sandstone bodies). Rodrigues et al. (2017) interpreted flow of the 
massive diamictite to the NW based on fold orientations. Massive sandstone 6-8 m thick overlies 
the very top of the succession. Access to the exposure was limited due to the vertical quarry 
walls (Fig 3-5A).  
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3.3.2 AMS and magnetic analysis 
 
Five cores were extracted from the lower, sheared segment of the massive diamictite 
body (site Q1) (Fig 3-5B), yielding a total of 19 specimens for AMS analysis, all of which 
passed the F test (Table A-3). Site Q1 shows a strong, flow-aligned fabric that is triaxial and 
imbricated, dipping at ~20° towards the SSE suggesting flow towards the NNW (Fig 3-6). 
Magnetic analysis from site Q1 is included in Appendix B in detail Fig B-3. Hysteresis 
measurements show a loop characteristic of strong paramagnetic contributions. Susceptibility vs. 
temperature measurement indicates low-field ferromagnetic contributions from most likely 
magnetite (~580°C) with an additional phase occurring at 400°C upon cooling, indicating that 
the sample underwent alteration during heating. Hysteresis parameters suggest the ferromagnetic 
grain size of the fabric falls within PSD range. 𝑋𝑋!! to 𝑋𝑋! ratio for the site is 10:1, suggesting 
paramagnetic contributions dominate. All of the above suggests that the AMS is controlled by 
shape anisotropy, resulting in a normal fabric. 
 
3.3.3 Location discussion 
 
Fernando Vesely interpreted this succession as a glaciomarine slope complex; suggesting 
that it represented an unstable glaciogenic shelf that resulted in subaqueous mass transport (pers. 
comm., August 2016). The clast-poor muddy diamictite is interpreted to be the result of 
subaqueous slumps and debris flows suggested by the large-scale cohesive concentration of mud 
and other slump like deformational features (cf. Mulder and Alexander, 2001). The massive 
sandstone that overlies the very top of the succession is interpreted to be a slide block from a 
delta margin.  Both flow -aligned, -transverse fabrics are common in subaqueous debris flow 
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(Rees, 1983; Gravenor, 1985; Eyles et al., 1987). The sample set from the massive diamictite 
shows a strong, flow-aligned fabric that is imbricated towards the SSE suggesting a NNW flow 
direction (Fig 3-6), which is consistent with the NW measurements of Rodrigues et al. (2017). 
 
  
 
 
 
Fig 3-5. (A) Exposure at the Aurora quarry located along Highway SC-35 in the state of Santa Catarina. 
Yellow box indicates approximate location of (B) sample site of massive diamictite (site Q1).  
B	
A	
0.5m 
12m 
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Fig 3-6. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graph (bottom) for site Q1 (massive diamictite) at the 
Aurora quarry. Maximum eigenvector indicated by red squares, intermediate by blue triangles, and 
minimum by black circles.  
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3.4 Campo Do Tenente 
3.4.1 Field description 
 
In the state of Paraná, a quarry located ~1.5 km northeast of Campo do Tenente was 
sampled (25°58'12.1"S, 49°40'29.2"W) (Fig 3-8A). An exposure discussed by Suss et al. (2014) 
and interpreted to be part of the upper Campo do Tenente Formation (Fig 1-4). The bottom of the 
succession begins with 5.5 m of a massive diamictite (Fig 3-8B1) classified as a ‘clast-poor 
intermediate diamictite’ with relatively large lenticular sandstone bodies up to 2.5 m in height 
contained within the diamictite (Fig 3-8B2). The sandstone bodies are fine- to medium-grained 
and some contain climbing ripples with foresets that dip towards the SE. Other sandstone bodies 
display internal folding and in places brecciation. On the East wall of the quarry, sandstone 
bodies occur in clusters along individual horizons. These bodies appear to be large-scale 
brecciation of a once continuous larger sandstone body. The contact between the sandstone units 
and the diamictite is diffusive showing the process of homogenization. Above 1.5 m is a 
combination of facies that begins with a distinct, thinly bedded siltstone with ripples which 
grades first into rhythmites, and then into a thinly bedded stratified diamictite (Fig 3-8B3). The 
overall 1.5 m facies grades from zero to abundant lonestones and diamictite pellets.  The debris-
rich, stratified diamictite towards the top, contains thin laminations of mudstone. Then the next 5 
m above are composed primarily of clay and silt with graded ~10-30 cm intervals of lonestones 
and diamictite pellets, with occasional carbonate concretions ~20 cm in length (Fig 3-8B4). A 10 
cm thick clast-poor sandy diamictite with abundant rip up clasts can be found towards the top of 
the succession. The diamictite is laterally continuous across the quarry and shows sharp contacts 
to the underlying and overlying graded shale. Stratigraphically above lies several meters of 
brown shale, free of lonestones and diamictite pellets. There are no known indicators of flow 
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anywhere in the quarry. Measured section and field description provided by Eduardo Luiz 
Menozzo da Rosa of UFPR (pers. comm., August 2016).  
 
 
 
Fig 3-7. Stratigraphic column of glacial marine succession at the Campo do Tenente quarry showing 
principle facies and AMS paleoflow orientaions (Measured section and field description provided by 
Eduardo Luiz Menozzo da Rosa of UFPR).  
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3.4.2 AMS and magnetic analysis 
 
Three sites were chosen within the massive diamictite to sample: below (site C3), above 
(site T5), and within (site D4) a sandstone body (Fig 3-9A). Ten cores were extracted from site 
D4, yielding 13 specimens (Table A-4). Six cores were extracted from site T5, yielding 15 
specimens (Table A-5). Five cores were extracted from site D4, yielding 16 specimens (Table A-
6). All specimens passed the F test and were included in the AMS analyses. Site C3 shows a 
flow-oblique fabric that is triaxial and imbricated, dipping at ~15° towards the NE suggesting 
flow towards the SW (Fig 3-11A); both the 𝒌𝒌! and 𝒌𝒌! axes are orientated ~45 in the direction of 
imbrication. Site T5 shows a weakly flow-aligned fabric that statistically triaxial but almost 
oblate. The fabric is imbricated, dipping ~15° towards the NW suggesting flow towards the SE 
(Fig 3-11B). Site D4 shows a strong, flow-aligned fabric that is triaxial and imbricated, dipping 
~20° towards the NW, suggesting flow towards the SE (Fig 3-12A). 
One site within the distinct, thinly bedded, siltstone (site D5) was sampled. Four cores 
were extracted, yielding 12 specimens for AMS analysis, all of which passed the F test (Table A-
7). Site D5 shows a very strong, flow-aligned fabric that is triaxial and imbricated, dipping ~10° 
towards the W suggesting flow towards the E (Fig 3-12B).  
Two sites were selected within the stratified diamictite to sample; both sets of samples 
were debris-rich, one of which contained a thin lamination of mud (site D3), and one of which 
did not (site C5) (Fig 3-10A). Seven cores were extracted from site C5, yielding 18 specimens 
(Table A-9). Six cores were extracted from site D3, yielding 17 specimens (Table A-8). All 
specimens passed the F test and were included in the AMS analyses. Site C5 shows an oblate, 
horizontal fabric (Fig 3-13B). Site D3 shows a triaxial, non-imbricated fabric making it difficult 
to distinguish between a flow- aligned or a transverse fabric (Fig 3-13A). 
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One site within the 10 cm thick clast-poor sandy diamictite with abundant rip up clasts 
(site FE1) towards the top of the 5 m of shale with graded intervals of dropstones and till pellets 
was sampled (Fig 3-10B). Five cores were extracted, yielding 16 specimens for AMS analysis, 
all of which passed the F test (Table A-10). Site FE1 statistically shows a triaxial fabric, that is 
weakly imbricated making it difficult to differentiate between a flow- aligned or a transverse 
fabric (Fig 3-14). 
Magnetic analyses from sites C3, T5, D4, D5, D3, C5, and FE1 are included in Appendix 
B in detail; Fig B-4 thru Fig B-9 respectively. Hysteresis measurements from all sites show loops 
characteristic of both para- and ferromagnetic contributions. Susceptibility vs. temperature 
measurements indicate low-field ferromagnetic contributions from most likely magnetite 
(~580°C) at all sites, with one exception of a mineral phase occurring at 300°C upon cooling 
(site D5). Hysteresis parameters suggest the ferromagnetic grain size of the fabric falls within 
PSD range. 𝑋𝑋!! to 𝑋𝑋! ratios for sites C3/T5, D4, D5, D3/C5, FE1 are ~ 1:2, 1:6, 1:0.5, 1:1, 1:0.5 
respectively, suggesting an close-to-even para- and ferromagnetic contributions. All of the above 
strongly suggests that the AMS at the Campo do Tenente quarry is controlled by shape 
anisotropy, resulting in normal fabrics.
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Fig 3-8. Campo do Tenente quarry (A) NE view from the top of the quarry (B) exposure along the NW 
wall (B1) 5.5 m of massive diamictite, (B2) sandstone body, (B3) 1.5 m of rhythmites that grade into a 
stratified diamictite, (B4) 5 m of clay/silt with graded intervals of dropstones and till pellets.	  
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Fig 3-9. Bottom of succession at the Campo do Tenente quarry (A) massive diamictite (sites C3 and T5) 
with sandstone body (site D4), (B) thinly bedded, rippled unit that directly overlies massive diamictite  
(site D5).  
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Fig 3-10. Top of succession at the Campo do Tenente quarry (A) rhythmites that grade into a stratified 
diamictite (sites C5 and D3), (B) clast-poor sandy diamictite with abundant rip up clasts that lies towards 
the top of succession (site FE1).  
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Fig 3-11. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at the Campo do Tenente 
quarry (A) C3 (diamictite below), (B) T5 (diamictite above). Maximum eigenvector indicated by red 
squares, intermediate by blue triangles, and minimum by black circles.  
A	 B	
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Fig 3-12. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at the Campo do Tenente 
quarry (A) D4 (sandstone body), (B) D5 (thinly bedded, rippled unit). Maximum eigenvector indicated by 
red squares, intermediate by blue triangles, and minimum by black circles.  
A	 B	
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Fig 3-13. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at the Campo do Tenente 
quarry (A) D3 (with lamination of mud), (B) C5 (without lamination of mud). Maximum eigenvector 
indicated by red squares, intermediate by blue triangles, and minimum by black circles.   
A	 B	
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Fig 3-14. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graph (bottom) for site FE1 (thinly bedded sandstone) at 
the Campo do Tenente quarry. Maximum eigenvector indicated by red squares, intermediate by blue 
triangles, and minimum by black circles.
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3.4.3 Location discussion 
 
Suss et al. (2014) interpreted this succession as a glaciomarine slope complex; deltaic 
progradation over a glaciogenic basin shelf, generating instability and subaqueous mass 
transport. The massive diamictite with relatively large lenticular sandstone bodies that comprise 
the bottom half of the succession is interpreted to be the result of subaqueous slumping and 
debris flows, indicated by the brecciation and homogenization of rafted sandstone slide blocks of 
deltaic origin. The upper half of the succession which includes both the unit of rhythmites that 
grade into a stratified diamictite, and the unit composed primarily of shale with graded intervals 
of lonestones and till pellets are interpreted to have recorded large influxes of fine-grained 
sediment and ice-rafted debris as the result of rain-out, indicated by the gradual and grading 
contacts of the facies. The influxes of sediment may represent the advances and retreats of a 
glacier margin, interludes of high and low discharge during summer and winter months 
respectively, or the presence/absence of sea ice (Dowdeswell et al., 2000). 
As previously discussed both flow -aligned, -transverse fabrics are common in 
subaqueous debris flows, but flow-oblique fabric have been observed (Rees, 1983). While site 
T5 from the massive diamictite (above the sandstone body) shows a weakly flow-aligned fabric 
to the SE (Fig 3-11B), site C5 (below the sandstone body) shows an oblique-fabric flowing to the 
SW (Fig 3-11A). The ~90° difference in flow directions, could be the result of grains being 
displaced laterally (perpendicular to flow) beneath the block as it plowed (or rotated) its way 
through the underlying deposits. The sandstone block itself shows a strong flow-aligned fabric, 
with an inferred flow direction to the SE (Fig 3-12A). This supports the field observation of 
foresets contained within the block that also dip SE. While the flow direction of the sandstone 
block is similar to the flow direction of the massive diamictite above, the fabric contained within 
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the block is inherited from the original deposits and should not be related to the resedimentation 
process of the slide block , as the ripples formed prior to any mass movement down a slope. The 
massive diamictite is most likely the result of subaqueous slumps and debris flows suggested by 
the large-scale cohesive concentration of mud, which include the brecciation and folding features 
of large sandstone bodies (cf. Mulder and Alexander, 2001).  
Moving up the succession, the massive diamictite is overlain by a distinct, thinly bedded, 
siltstone with ripples, which then grades into rhythmites, and then into a stratified diamictite. The 
fabric from this siltstone shows a very strong, flow-aligned fabric to the E (Fig 3-12B). This unit 
could be interpreted as being genetically related to the massive diamictite. Often subaqueous 
sediment gravity flows will have a two-component system: a lower, dense laminar debris flow, 
and an upper, turbidity current (Postma et al., 1988; Shanmugam, 1996). The thin bed relative to 
the flow size (indicated by the continuous lateral extent of the deposit across the quarry) would 
suggest the deposit was the result of a ‘surge-like turbidity flow’ (Mulder and Alexander, 2001). 
The ~45° difference in flow directions could be the possibility of the turbidity current ponding 
on irregular topography, resulting in a deviation between the various current directions. Another 
possibility is that the unit is the result of rain-out deposition that has been reworked by moderate 
currents on the basin floor into a flow-aligned fabric.  
Stratigraphically above, two sample sets were collected from a debris-rich stratified 
diamictite interpreted to be the result of rain-out deposition (Suss et al., 2014). One set of 
samples contains a very thin lamination of mud (site D3), and the other does not (site C5). 
Horizontal (or oblate) fabrics are most common in rain-out deposition, a two component system 
of fines settling from meltwater plumes and clast transported as ice rafted debris (Hamilton and 
Rees, 1970; Gravenor 1985; Eyles et al., 1987).  The C5 fabric does show a horizontal fabric; the 
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orientation of 𝒌𝒌! and 𝒌𝒌! are distributed randomly within the horizontal plane, and 𝒌𝒌! is clustered 
near vertical (Fig 3-13B). By contrast, site D3 has 𝒌𝒌! axes clustered near the vertical, but the 
orientation of 𝒌𝒌! and 𝒌𝒌! have a preferred distribution within the horizontal plane (Fig 3-13A). 
The mean 𝒌𝒌! direction is slightly imbricated, dipping ~3° to the SW suggesting flow to the NE 
which would classify the fabric as flow-transverse, but because the 95% confidence interval 
defined by the bootstrapped 𝒌𝒌! eigenvectors includes the vertical, technically the fabric is not 
imbricated, making it statistically difficult to correctly classify the fabric and determine the 
direction of sediment transport. The very thin laminations of mud are likely the result of 
deposition by distal, dilute, low-density turbidity currents. The fabric could be the result of rain-
out deposition that has been reworked to some degree by these very small turbidity currents, too 
weak to cause significant imbrication but strong enough to show a preferred orientation of 𝒌𝒌! 
and 𝒌𝒌! in the horizontal plane.  
The last fabric collected was from a 10-cm-thick clast-poor sandy diamictite with abundant 
rip-up clasts found towards the top of the succession contained with the unit composed primarily 
of shale with graded intervals of dropstones and till pellets. Here I interpret this unit to be the 
result of a small ‘concentrated debris flow,’ suggested by the sharp contact and erosive nature of 
abundant rip-up clasts (Mulder and Alexander, 2001). The fabric is statistically oblate, but does 
show a somewhat preferred distribution of 𝒌𝒌! and 𝒌𝒌! within the horizontal plane (Fig 3-14), 
similar to the fabric collected from the stratified diamictite at site D3. The mean 𝒌𝒌! direction is 
slightly imbricated, dipping ~3° to the SSE suggesting flow towards NNW which would classify 
the fabric as flow-aligned, but because the 95% confidence interval defined by the bootstrapped 
𝒌𝒌! eigenvectors includes the vertical, technically the fabric is not imbricated, once again making 
it statistically difficult to correctly classify the fabric and determine the direction of sediment 
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transport. The lack of significant imbrication could be the result of sudden changes in flow 
regimes or the result of a secondary fabric formed due to compaction. An alternative idea would 
be the fabric is showing a variation of two components: a flow-aligned fabric resulting from the 
diamictite, and a horizontal fabric resulting from the rip-up clasts contained within the facies. 
 
3.5 Porto Amazonas 
3.5.1 Field description 
 
In the state of Paraná, a road cut exposure located ~700 m south of Porto Amazonas off 
Highway PR-427 was sampled (25°33'00.6"S, 49°53'08.7"W) (Fig 3-13A), an outcrop discussed 
by Vesely et al. (2015) as correlated to the lower Campo do Tenente Formation (Fig 1-4). The 
facies include rhythmites interbedded with sandstones. The rhythmites are comprised of thickly 
laminated, graded beds from fine sand to mud. Sandstones are structureless, thick- to very thick-
bedded, tabular to lenticular in nature, moderately sorted, fine- to medium-grained. Rip-up 
mudstone clasts were observed at the base of these sandstones. The exposure contains no 
sedimentary structures that indicate flow direction. The only paleoflow information is from 
cross-stratified sandstones interpreted to be outwash about 20 m stratigraphically below the 
sampled unit that displays paleocurrent orientations to the west (log number 6) (Vesely et al., 
2015).  
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3.5.2 AMS and magnetic analysis 
 
A vertical succession of three sites, contained within a single sandstone bed was selected 
for sampling bottom (O5), middle (M6), and top (H7) (Fig3-14B). Six cores were extracted from 
site O5, yielding 18 specimens, 17 of which passed the F test and were included in the analysis 
(Table A-13). Five cores were extracted from site M6, yielding 16 specimens, 15 of which 
passed the F test and were included in the analysis (Table A-12). Five cores were extracted from 
site H7, yielding 16 specimens, 8 of which passed the F test and were included in the AMS 
analysis (Table A-11). Site O5 shows a flow-transverse fabric that is statistically triaxial but 
weakly developed (Fig 3-15A).  Site M6 shows a strong, flow-transverse fabric that is triaxial 
and imbricated, dipping ~65° towards the SW (Fig 3-15B). Site H7 shows a flow-transverse 
fabric that is statistically triaxial but borders on being prolate (Fig 3-15C). 
Magnetic analysis from sites O5, M6, and H7 is included in Appendix B in detail (Fig B-
10). The hysteresis measurement shows a loop characteristic of both para- and ferromagnetic 
contributions. Susceptibility vs. temperature measurements indicate low-field ferromagnetic 
contributions from mineral phases occurring at 400°C and 500°C upon cooling. 𝑋𝑋!! to 𝑋𝑋! ratios 
are ~2:1 suggesting even para- and ferromagnetic contributions. All of the above most likely 
suggests that the AMS is controlled by shape anisotropy, resulting in a normal fabric.
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Fig 3-15. (A) Porto Amazonas road cut exposure located off Highway PR-427 in the state of Paraná. 
Yellow box indicates approximate location of (B) sample sites within a structureless sandstone (sites O5, 
M6, and H7).
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Fig 3-16. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at the Porto Amazonas road 
cut exposure (A) O5 (bottom of sandstone unit, (B) M6 (middle of sandstone unit), (C) H7 (top of 
sandstone unit). Maximum eigenvector indicated by red squares, intermediate by blue triangles, and 
minimum by black circles.
A	 B	 C	
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3.5.3 Location discussion 
 
Vesely et al. (2015) interpreted these deposits to be part of a glaciomarine slope complex; 
high–density turbidity deposits, resulting from a collapsed grounding line fan or proglacial delta. 
The term ‘high–density turbidity deposits’ was first coined by Lowe, (1982), later redefined by 
Shanmugam (1996) as ‘sandy debris flow deposits’ which we define as a ‘hyperconcentrated 
density flow (grain flow) deposits’ using the nomenclature of Mulder and Alexander (2001). 
While the exact nature and classification of these deposits vary in the literature (Enos, 1977; 
Taira and Scholle, 1979; Lowe, 1982; Shanmugam, 1996; Sakai et al., 2002; Talling et al. 2012), 
massive, structureless sandstones are often attributed to Bouma’s 𝑇𝑇! division (Bouma, 1962; 
Eyles, 1993). The 𝑇𝑇! interval is deposited under fast flow regimes when fluid turbulence is able 
to keep coarse material and high concentrations of sediment in suspension (Pickering and 
Hiscott, 2015). Eventually the energy dissipates and the grains tend to settle out or freeze all at 
once to create a massive bed (Pickering and Hiscott, 2015). 
Both flow-aligned, and flow-transverse fabrics have been observed in these types of 
deposits in addition to isotropic fabrics (Rees, 1968; Hiscott and Middleton 1980; Rees, 1983). 
Isotropic or weakly developed fabrics (Fig 3-16A) may develop as a result of high apparent 
viscosity due to high near-bed sediment concentrations combined with frequent clast collisions 
during rapid settling from suspension (Hiscott and Middleton, 1980; Rees, 1983; Baas et al., 
2007).  Enos (1977) found weakly flow-aligned clasts in the basal shearing zone of debris flows.  
Flow-transverse fabrics are indicative of deposition occurring under high flow velocities 
that are sufficient to entrain particles (Tauxe, 1998; Hailwood and Ding, 2000). These fabrics are 
characterized by triaxial fabrics (Fig 3-15B), or prolate fabrics (Fig 3-15C) where the distribution 
of 𝒌𝒌! is streaked (Tauxe, 1998) indicating the rolling of grains, perpendicular to flow. Deposition 
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occurring under high flow velocities is supported by field observations of rip-up clasts towards 
the base of the bed suggesting an erosive nature of fast, turbulent flow (Allen, 1982; Kano and 
Takeuchi, 1989).  
In normal flow-transverse fabrics, the flow direction is indicated by the deflection of 𝒌𝒌! 
eigenvectors from the vertical in a LHEA stereonet (up-current grain imbrication), which would 
indicate that flow direction within these deposits is to the NE. However, it should be noted that 
down-current grain imbrication has been observed in 𝑇𝑇! divisions (Bouma, 1962; Hiscott and 
Middleton, 1980; Sakai et al., 2002), which might explain the relatively large imbrication of 𝒌𝒌! 
~65° (Fig 3-15B). If the grains are imbricated down-current, the inferred flow direction would be 
to the SW in a lower hemisphere stereonet and would be in agreement with the westward 
paleoflow information from cross-stratified sandstones located 20 m stratigraphically below the 
sampled sandstone bed (Vesely et al., 2015). 
The sample sets collected from the vertical succession demonstrates how a depositional 
fabric can change upward within a deposit due to changing flow rheology and dynamics but still 
indicate a uniform flow direction. The weakly developed fabric found at the base of the bed, is 
most likely the result of high near-bed sediment concentrations combined with frequent clast 
collisions during rapid settling from suspension. The triaxial fabric found in the middle of the 
bed could be the result of grains rapidly freezing as the energy in the flow dissipates and the 
grains settle out all at once. The streaked distribution of 𝒌𝒌! towards the top of the bed indicates 
the rolling of grains (long axes perpendicular to flow) during the final stages of transport (Tauxe, 
1998). Despite the differences between the three fabrics, they all show a uniform flow direction 
trending SW/NE. 
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3.6 Cachoeira do Sul 
3.6.1 Field description 
 
In the state of Rio Grande do Sul, a surface exposure located on private land ~60 km 
southwest of Cachoeira do Sul was sampled (30°26'13.1"S, 53°05'38.2"W). The outcrop was 
first documented by Tomazelli & Soliani (1982) and is correlated to the very top of the Itararé 
Group (Fig 1-4). The outcrop shows a series of soft sediment grooved and ploughed surfaces 
composed of a clast-rich sandy diamictite (Rosa et al., 2016). A large granitic boulder ~40 cm in 
diameter is entrenched at the end of a large groove (Fig 3-18). Both the ploughed and grooved 
surfaces indicate an ice paleoflow direction to the N at 358°. 
 
3.6.2 AMS and magnetic analysis 
 
Three sample sets were collected from the surface exposure, all within the same unit but 
within different proximities to each other. Seven oriented cores were extracted from a ploughed 
surface (site P5) (Fig 3-18), yielding a total of 7 specimens, all of which passed the F test and 
were included in the analysis. (Table A-16). Five oriented cores were extracted from a river cut 
(site P7) (Fig 3-19A), yielding a total of 8 specimens, 7 of which passed the F test and were 
included in the analysis (Table A-17). Nine oriented cores were extracted from a grooved surface 
next to a road cut (site P9) (Fig 3-19B), yielding a total of 9 specimens, all of which passed the F 
test and were included in the analysis (Table A-18). All sample sets show flow-aligned fabrics, 
site P7 more weakly developed then the others. All fabrics are triaxial and imbricated, dipping 
~20° towards the SSE suggesting paleo-iceflow towards NNW (Fig 3-20). 
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Magnetic analyses from sites P5, P7 and P9 are included in Appendix B in detail Fig B-12. 
Hysteresis measurements show a loop characteristic of both para- and ferromagnetic 
contributions. Susceptibility vs. temperature measurements indicates low-field ferromagnetic 
contributions from most likely magnetite (580°C), and an additional phase occurring at 480°C 
upon cooling, indicating that the sample underwent alteration during heating. Hysteresis 
parameters suggest the ferromagnetic grain size for the fabric falls within PSD range. 𝑋𝑋!! to 𝑋𝑋! 
ratio is 1:1, suggesting even para- and ferromagnetic contributions. All of the above suggests that 
the AMS is controlled by shape anisotropy, resulting in a normal fabric. 
 
  
 
Fig 3-17. Ploughed surface located on private land southwest of Cachoeira do Sul. Samples extracted 
from (site P5) within close proximity.
0.25m 
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Fig 3-18. Soft sediment grooved surfaced located on private land southwest of Cachoeira do Sul. Samples 
extracted from (A) river cut (site P7), and (B) road cut (site P9).
B	
A	
20cm 
30cm 
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Fig 3-19. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites near Cachoeira do Sul (A) P5 
(ploughed surface), (B) P7 (river cut), and (C) P9 (road cut). Maximum eigenvector indicated by red 
squares, intermediate by blue triangles, and minimum by black circles.
A	 B	 C	
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3.6.3 Location discussion 
 
 
Soft-sediment grooved surfaces are common in the Paraná Basin (Rosa et al., 2016) and 
can form subglacially, at the basal zone of a tidewater glacier, or as ice keel scours generated by 
free floating ice in a glaciomarine , glaciolacustrine setting (Woodworth-Lynas and 
Dowdesweell, 1994; Rosa et al., 2016). ). In a subglacial environment, glaciers produce grooves 
and ridges through ploughing and deformation of unconsolidated beds (Benn and Evans, 2010). 
The presence of compression ridges at the boulder/bed interface, strongly suggests that the 
boulder ploughed its way through the soft substrate. This observation in conjunction with the 
lateral extent of grooved surfaces and presence of small flutes across the locality strongly 
suggests subglacial conditions. All three sample sets collected from the surface exposure near 
Cachoeira do Sul, show flow-aligned fabrics that are imbricated suggesting a NNW flow 
direction (Fig 3-20) and supports the inferred N ice paleoflow obtained from in-field 
measurements of the ploughed boulder and grooved surfaces. The ring-shear experiments of 
Hooyer et al. (2008) supports the interpretation of this fabric as the deposits and deformation of 
subglacial materials. 
 
3.7 Ibaré 
3.7.1 Field description 
 
In the state of Rio Grande do Sul, an exposure located along railroad tracks ~6 km northwest 
of Ibaré was sampled (30°44'56.5"S, 54°17'37.5"W). The area was documented by Tomazelli & 
Soliani (1982/1997) and is correlated to the very top of the Itararé Group. The 2 m-thick 
exposure consists of thinly bedded, mildly deformed, fine-grained sandstones which, in turn, are 
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overlain by thinly bedded, coarse-grained sandstones with dispersed clasts containing lenses of 
gravel up to 12cm thick and some striated clasts (angular to rounded). This is overlain by thinly 
bedded, fine-grained sandstones with minimal gravel, which, in turn, is overlain by a 10 cm thick 
clast-rich muddy diamictite, containing rafts of dislodged sedimentary bedding ~10 to 30 cm in 
length (Fig 3-21A). Multiple thrust sheets with internal overturned fold structures occur 
elsewhere along the exposure. The orientation of the axis of the fold suggest transport towards 
the NW (pers. comm., Nick Fedorchuk, August 2016). 
 
3.7.2 AMS and magnetic analysis 
 
Samples were collected from two sites within the first meter of the outcrop. Four oriented 
cores were extracted from the thinly bedded, mildly deformed, fine-grained sandstone (site E1) 
(Fig 3-21B), yielding a total of 14 specimens, all of which passed the F test and were included in 
the analysis. (Table A-19). Four oriented cores were extracted from the thinly bedded, coarse-
grained sandstone with dispersed clasts (Site E2) (Fig 3-21B), yielding a total of 15 specimens, 
all of which passed the F test and were included in the analysis (Table A-20). Site E1 shows a 
weakly developed fabric that is statistically triaxial (Fig 3-22A). Site E2 shows a strong, flow-
aligned fabric that is triaxial and imbricated ~15° NW (Fig 3-22B). 
Magnetic analyses from sites E1 and E2 are included in Appendix B in detail Fig B-13. 
Hysteresis measurements show a loop characteristic of both para- and ferromagnetic 
contributions. Susceptibility vs. temperature measurements indicates low-field ferromagnetic 
contributions from most likely magnetite (580°C), and an additional phase occurring at 420°C 
upon cooling, indicating that the sample underwent alteration during heating. Hysteresis 
parameters suggest the ferromagnetic grain size for the fabric falls within PSD range. 𝑋𝑋!! to 𝑋𝑋! 
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ratio is 2:1, suggesting close-to-even para- and ferromagnetic contributions. All of the above 
suggests that the AMS is controlled by shape anisotropy, resulting in a normal fabric. 
 
3.7.3 Location discussion 
 
The exposure located along railroad tracks northwest of Ibaré, are most likely outwash 
deposits indicated by the abundant bedding of sandstones and gravel lenses. The mildly 
deformed fine-grain sandstones near the bottom of the succession may be the result of proximal 
subglacial shove as suggested by the abundance of thrust sheets elsewhere along the link of the 
exposure. The bootstrapped eigenvectors from the sample set collected from the mildly 
deformed, fine-grain sandstone (site E1) shows a fabric characteristic of a type IV deformation 
(Robion et al., 2007) indicated by the positions of 𝒌𝒌! and 𝒌𝒌! eigenvectors in the bedding plane. 
The AMS fabric supports the in-field observation of mildly deformed beds. The sample set 
collected from the coarse-grained sandstone with dispersed clasts (site E2) shows a strong, flow-
aligned fabric that is imbricated, suggesting the direction of sediment transport was to the NW. 
This supports the in-field observation of multiple fold structures along the exposure overturning 
towards the NW.  
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Fig 3-20. (A) Exposure along railroad tracks located northwest of Ibaré. Yellow box indicates 
approximate location of (B) fine-grained sandstone unit (site E1), and coarse-grained sandstone unit 
above (site E2). 
B	
A	
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Fig 3-21. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites near Ibaré (A) E1 (fine-
grained sandstone), and (B) E2 (coarse-grained sandstone). Maximum eigenvector indicated by red 
squares, intermediate by blue triangles, and minimum by black circles.  
B	A	
	 79	
3.8 São Gabriel 
3.8.1 Field description 
 
In the state of Rio Grande do Sul, a creek exposure located on private land ~25 km south 
of São Gabriel off Highway RS-630 was sampled (30°32'39.8"S, 54°26'50.0"W). An outcrop 
correlated to the very top of the Itararé Group (Fig 1-4) (cf. Tomazelli and Soliani, 1982). The 
meter thick succession of facies includes interbedded diamictites and sandstones with mudstone 
drapes (Fig 3-23). The medium-bedded diamictites are classified as ‘clast-rich muddy 
diamictites.’ The thin-bedded sandstones are moderately sorted, composed of medium- to fine-
grained sand and are classified as a ‘sandstone with dispersed clasts in Hambry and Glasser’s 
(Fig 2-1) classification.’ The sandstone beds are carpeted with asymmetric ripples showing a 
N/NE flow orientation of 020°. Semi-rounded cobbles of varying composition are dispersed 
throughout the deposits. 
 
3.8.2 AMS and magnetic analysis 
 
Five orientated cores were extracted from a sandstone bed (site S3) (Fig 3-23B), yielding 
a total of 12 specimens for AMS analysis, all of which passed the F test (Table A-21). Site S3 
shows a strong, flow-aligned fabric that is triaxial and imbricated, dipping ~30° towards the SW 
suggesting flow towards the NE (Fig. 3-24). 
Magnetic analyses from site S3 is included in Appendix B in detail Fig B-14. Hysteresis 
measurements show a loop characteristic of both para- and ferromagnetic contributions. 
Susceptibility vs. temperature measurements indicates low-field ferromagnetic contributions 
from most likely magnetite (580°C), and an additional phase occurring at 450°C upon cooling, 
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indicating that the sample underwent alteration during heating. Hysteresis parameters suggest the 
ferromagnetic grain size for the fabric falls within PSD range. 𝑋𝑋!! to 𝑋𝑋! ratio is 2:1, suggesting 
roughly even para- and ferro-magnetic contributions. All of the above suggests that the AMS is 
controlled by shape anisotropy, resulting in a normal fabric. 
 
3.8.3 Location discussion 
 
Field observations suggest these diamictite and sandstone deposits are couplets, most likely 
the result of subaqueous ‘concentrated density flows’ indicated by the horizontal stacked facies. 
(Postma et al., 1988; Shanmugam, 1996; Mulder and Alexander, 2001). Couplets can be broadly 
defined as genetically related and occurring in a repeating series. As previously discussed, often 
subaqueous sediment gravity flows will have a two-component system: a lower, dense laminar 
debris flow, and an upper, turbidity current. The turbidity current develops as the result of 
friction on the top of the debris flow by fluid drag; sediment is stripped from the high-density 
flow generating a co-genetic turbidity current. 
The stratified clast-rich muddy diamictite represents the lower laminar flow, while the 
moderately sorted, rippled sandstone with dispersed clasts represents the upper quasi-steady 
turbulent current (Mulder and Alexander, 2001). While the clay-rich diamictites were too water 
saturated to sample with means of a drill, the sandstone unit reveled a strong, flow-aligned fabric 
that is imbricated with a flow direction to the NE. The inferred flow direction from AMS 
supports the observed in-field flow directions from asymmetric ripples. 
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Fig 3-22. (A) Interbedded diamictites and sandstones at São Gabriel creek exposure in the state of Rio 
Grande do Sul, Yellow box indicates location of (B) sandstone unit (site S3).  
B	
A	
0.25m 
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Fig 3-23. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graph (bottom) for site S3 (sandstone bed) at the São 
Gabriel creek exposure. Maximum eigenvector indicated by red squares, intermediate by blue triangles, 
and minimum by black circles.  
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CHAPTER 4. DISCUSSION OF AMS IN RELATION TO FACIES 
 
This study focuses on the collection and interpretation of magnetic fabrics from glaciogenic 
deposits of the Itararé Group that outcrop along the southern and eastern margins of the Paraná 
Basin in order to better differentiate subglacial processes from subaqueous mass transport, 
proglacial glaciomarine/glaciolacustrine rainout, and/or ice rafting, in addition to determining 
glacier flow or mass transport directions. 
While in some cases (e.g., Campo do Tenente) AMS analyses allowed us to clearly 
delineate between the origins of diamictites (horizontal fabrics resulting from rainout vs flow -
aligned, -oblique fabrics resulting from mass transport), in other cases (e.g., Alfredo Wagner) 
differentiating between flow-aligned fabrics resulting from mass transport and subglacial 
processes proved difficult without the aid of secondary structures (e.g., striated, gouged, and 
scoured surface indicating subglacial erosion). Presumably one should be able to differentiate 
between an MTD and subglacial traction till if a flow –transverse, -oblique fabric is observed (cf. 
Hooyer et al., 2008).  
At two locations (Alfredo Wagner and Campo do Tenente) sample sets collected from 
stratified and massive diamictites (sites R7 and C3 respectively) interpreted to be the result of 
subaqueous mass transport showed flow-oblique fabrics (indicated by the 95% confidence 
interval), where the mean 𝒌𝒌! and 𝒌𝒌! eigenvectors were oriented ~45° from the direction in which 
the mean 𝒌𝒌! eigenvector is deflected from the vertical. As previously discussed, the depositional 
kinematics of flow-oblique fabrics have not been thoroughly explored in literature, but have been 
attributed to clast interactions in a viscous flow, spatial changes in current direction, changes in 
flow regime, changes in substrate roughness, and soft sediment deformation (Baas et al., 2007). 
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Both of these clast-poor diamictites were classified as ‘debris flows’ based on the their high 
concentrations of cohesive material (mud) (cf. Mulder and Alexander, 2001). As a result of 
cohesive strength, debris flows exhibit a pseudoplastic rheology (non-Newtonian) and behave 
very different from all other types of subaqueous sedimentary density flows (Mulder and 
Alexander, 2001).  Jeffery’s (1922) theory of the motion of ellipsoidal particles immersed in a 
viscous (non-Newtonian) fluid states that particles will spend most of their time with their long 
axis parallel to flow, resulting in a statistically flow-aligned fabric when the flow comes to rest, 
as observed in other diamictites classified as debris flows based on their high concentrations of 
mud (site Q1 at Aurora and site T5 at Campo do Tenente). Rees (1983) experimentally 
demonstrated that flow–transverse (and flow-oblique) fabrics could develop in similar viscous 
flows (non-Newtonian) as a result of clast interactions between varying percentages of clasts and 
grains in suspension.  
At two localities (Aurora and Campo Do Tenente), massive diamictites (site Q1 and sites 
C3/T5 respectively) were interpreted to be the result of subaqueous debris flows and slumping 
based on the large-scale cohesive concentration of mud, brecciation and homogenization of 
sandstone bodies, and other slump like deformational features. As a slump is a coherent mass of 
loosely consolidated material, which moves a short distance down a slope, some fabrics in these 
types of deposits could be inherited (i.e., fabric related to the deposit prior to failure) as opposed 
to a debris flow where the primary fabric is erased during the resedimentation of material thru a 
laminar flow moving downslope. In slumps we would expect to see internal deformation as a 
result of compressional strain, in debris flows lack thereof. If internal deformation becomes 
pervasive, a secondary fabric develops as a result of the deformation. This can be seen in the 
deformed sandstone bed at Ibaré (site E1). This facies was interpreted to be proglacial outwash 
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reworked by sublglacial shove (compressional strain), and showed a type IV fabric (Robion et 
al., 2007) where 𝒌𝒌! and 𝒌𝒌! axes were parallel to the bedding plane at right angles. As 
compressional strain increases, you will see the gradual shift of 𝒌𝒌! axes move from a near 
horizontal bedding plane toward a vertical position, while simultaneously 𝒌𝒌! axes move from a 
vertical position towards a near horizontal (Robion et al., 2007). As mass transport processes can 
be complex, evolving from one form to another (i.e., debris flows are the result of flow 
transformation as sediment within slides, then slumps, begin to dissagregate into fluidizes flows), 
the above methodology may not always prove correct, but may assist in the interpretation of such 
deposits. 
 In almost all cases, AMS analyses were beneficial in determining the direction of 
sediment transport when 𝒌𝒌! eigenvectors were deflected from the vertical. In outcrops where 
sedimentary flow structures were present, AMS results consistently agreed with the inferred flow 
direction (Alfredo Wagner, Cachoeira do Sul, and São Gabriel). In outcrops where flow 
structures were absent, AMS provided useful insight to paleoslope (i.e., Campo do Tenente and 
Porto Amazonas).  
 Lastly, the sample sets collected at Porto Amazonas from the vertical succession 
contained within a single, massive, structureless sandstone bed interpreted to be the result of a 
hyperconcentrated density flow (grain flow), demonstrates how a depositional fabric can change 
upward within a deposit due to changing flow rheology and dynamics but still indicate a uniform 
flow direction. The weakly developed fabric found at the base of the bed, is most likely the result 
of high viscosity due to high near-bed sediment concentrations combined with frequent clast 
collisions during rapid settling from suspension (Hiscott and Middleton, 1980; Rees, 1983; Baas 
et al., 2007). The triaxial fabric found in the middle of the bed could be the result of grains 
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rapidly freezing as the energy in the flow dissipates and the grains settle out all at once. The 
streaked distribution of 𝒌𝒌! towards the top of the bed indicates the rolling of grains (long axes 
perpendicular to flow) during the final stages of transport (Tauxe, 1998). Despite the difference 
between the three fabrics, they all show a uniform flow direction trending SW/NE. As both up-
current and down-current grain imbrication has been observed in similar deposits associated with 
Bauma’s 𝑇𝑇! divisions, further petrofabric analysis is required to correctly interpret the direction 
of sediment transport. It should be noted that the only flow-transverse fabrics observed within 
this study were from these ‘hyperconcentrated density flow (grain flow)’ deposits classified 
using the nomenclature of Mulder and Alexander (2001) also referred to as ‘high–density 
turbidity deposits’ (Lowe, 1982) and ‘sandy debris flow deposits’ (Shanmugam ,1996). It is 
inferred that hyperconcentrated density flows differ from debris flows as a result of either lesser 
proportions of cohesive grains (mud) or cohesion is overcome as an effect of increased shear rate 
by high flow velocities (Mulder and Alexander, 2001).  
 In summary, results from this study were consistent with past studies, which used AMS 
to characterize a variety of glaciogenic deposits including subglacial and subaqueous diamictites. 
Fabrics collected from diamictites in a proglacial, subaqueous environment as a result of rainout 
deposition (meltwater plumes and ice rafted debris) showed a horizontal fabric. Fabrics collected 
from diamictites in subaqueous environments as a result of mass transport showed both flow-
aligned and flow-transverse fabrics but resulting from different types of density flows 
(Newtonian vs non-Newtonian). Flow-oblique fabrics were additionally observed in mass 
transport deposits, but only in debris flows (non-Newtonian). Fabrics collected from diamictites 
in a subglacial environment, as a result of traction tills or grooved/ploughed surfaces showed a 
flow–aligned fabric strongly related to the direction of ice paleo-flow. 
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 This study is important as it characterized a variety of glaciogenic deposits (diamictites 
and sandstones) of the Itararé Group in the Paraná Basin, unlike previous studies, which only 
focused on diamictites as a result of subaqueous debris flows (Gravenor and von Brunn, 1987; 
Archanjo et al., 2006). This study demonstrates and enforces that AMS can be a very	useful tool 
to more accurately reconstruct and interpret deposits and environments not only of the LPIA, but 
other glaciated and mass movment related environments across time.
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CHAPTER 5. SUMMARY AND DISCUSSION IN RELATION TO PAST STUDIES 
 
This study collected samples for AMS analysis from two different regions within the Paraná 
Basin: three localities near the southern margin in the state of Rio Grande do Sul, and four 
localities along the eastern margin in the states of Santa Catarina and Paraná (Fig 5-1). Flow 
directions from localities along the southern margin (all correlated to the top of the Itararé 
Group) are uniform showing NW/NNW/NE flow directions (Fig 5-2) that are consistent with the 
N ice paleoflow indicators reported by Tomazelli and Soliani (1982) and Rosa et al. (2016). 
Flow directions from the eastern margin of the basin (correlated to the Rio do Sul Formation) in 
the area of Alfredo Wagner and Aurora are also uniform showing NNW/NW/W flow directions 
(Fig 5-1) and are also consistent with the inferred N/NW ice movement into the basin (Rosa et 
al., 2016).  Flow directions obtained from mass transport deposits along the eastern margin of the 
basin (correlated to the Campo do Tenente Formation) in the area of Porto Amazonas and 
Campo do Tenente are also somewhat uniform, but showing flow directions to the SW/SE/E (Fig 
5-1). These are not consistent with the inferred N/NW ice movement into the basin (Gesicki et 
al., 2002; Rosa et al., 2016), nor consistent with NW paleocurrents from cross-stratified 
sandstones reported by Vesely et al. (2015) and prograding, fluvial deltaic deposits reported by 
Carvalho and Vesely (2017) from nearby deposits and exposures. This might be explained as a 
result of meltwater input from an ice-margin to the SE combined with gravity flows deflecting to 
the SW because of tectonic subsidence or isostatic loading. It could also be due to the different 
scale of the geomorphic element producing paleoslope (e.g., ice lobes would result in a larger 
scale paleoslope that a smaller prograding delta front).   
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Gravenor and von Brunn (1987) described a glacial-marine succession at the Lapa quarry 
almost identical to the succession described ~30 km south at the Campo do Tenente quarry (both 
inferred to be part of the Campo do Tenente Formation). At the base of the succession, massive 
diamictite with sandstone bodies, interpreted to be the result of debris flows, are overlain by 
rhythmites, stratified diamictite, and shales with graded intervals of lonestones and till pellets 
interpreted to be the result of rain-out. Gravenor and von Brunn (1987) collected one sample set 
from the massive diamictite for AMS analysis and their results show a flow-aligned fabric to the 
SW. The direction of sediment transport obtained from AMS was consistent with their in-field 
observation of material flowing to the south based on the orientation of fold axes from deformed 
sandstones. Our SW/SE paleoflow directions of massive diamictites in the Campo do Tenente 
quarry obtained from AMS supports the work of Gravenor and von Brunn (1987) and strongly 
suggests that the regional topography between Lapa and Campo do Tenente during the early 
Pennsylvanian shows a paleoslope to the south. 
Archanjo et al. (2006) conducted a magnetic fabric analysis on massive diamictites 
interpreted to be the result of subaqueous debris flows in the region between Mafra and Alredo 
Wagner, correlated to the Rio do Sul Formation. Their study supports the existence of a NW/SE 
trending, intrabasinal depression referred to as the Rio do Sul sub-basin (Santos, 1987; Canuto, 
1993; Santo et al., 1996). This elongated depression, which extened from the southern region of 
Alfredo Wagner to just north of Mafra, is inferred from an isopach map (Fig 5-1) of the Rio do 
Sul Formation (Canuto, 1993). While Archanjo et al. (2006) found both flow-aligned and flow-
transverse fabrics within these types of deposits that were similar to our study, his paleoflow 
directions in the Alfredo Wagner region are to the SE, inconsistent with the W/NNW paleoflow 
direction we obtained from AMS in Alfredo Wagner (Site R7) and Aurora (Site Q1) (all of 
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which are correlated to the Rio du Sol Fm). Archanjo et al. (2006) also found many flow 
directions towards the SE in the region N/NW of Rio do Sul near Mafra (Fig-5-1), in the 
proximity of Campo do Tenente, Lapa and Porto Amazonas. While the time frame of deposition 
between the Campo do Tenente Formation and Rio do Sul Formations could span up to ~35 Ma 
years, flow directions from mass transport in the region stretching from Mafra to Porto 
Amazonas appear to be consistent between all studies, suggesting a southward paleoslope may 
have strongly influenced subaqueous deposition throughout the duration of the Itararé Group. 
The Rio do Sul sub-basin is traditionally considered as representative of the upper Itararé (Rio do 
Sul Fm.). This suggests that the sub-basin was possibly active earlier than previously reported or 
that multiple subsidence events may have been superimposed on top of each other  (e.g., multiple 
loading events during glacial advance and retreat cyles).
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Table 5-1. Summary of flow directions obtained from AMS analyses. Paleoflow column includes AMS 
inferred cardinal direction of sediment and (sedimentary structure flow indicator). 
 
Location Site Inferred Mode of Deposition Paleoflow Depositional Fabric 
Alfredo Wagner (B8) Massive diamictite Subglacial (traction till) NW (327°) Flow-aligned 
Alfredo Wagner (R7) Stratified diamictite  Mass transport (cohesive mudflow) W Flow-oblique 
Aurora (Q1) Massive diamictite  Mass transport (cohesive debris flow) NNW Flow-aligned 
Cachoeira do Sul (P5) Ploughed surface Subglacial (grooved surface) NNW (358°) Flow-aligned 
Cachoeira do Sul (P7) River cut Subglacial (grooved surface) NNW (358°) Flow-aligned 
Cachoeira do Sul (P9) Road cut Subglacial (grooved surface) NNW (358°) Flow-aligned 
Campo do Tenente 
(C3) Massive diamictite 
below slide block Mass transport (cohesive debris flow) SW Flow-oblique 
Campo do Tenente 
(T5) Massive diamictite 
above slide block Mass transport (cohesive debris flow) SE Flow-aligned 
Campo do Tenente (D4) Sandstone body Mass transport (slide block) SE 
Flow-aligned  
(Inherited fabric) 
Campo do Tenente (D5) Rippled siltstone 
Mass transport (surge like tubidity flow)  
or reworked proglacial rainout E Flow-aligned 
Campo do Tenente 
(D3) Stratified diamictite w/ 
mud lamination Proglacial rainout - (unclear) 
Campo do Tenente 
(C5) Stratified diamictite 
w/o mud lamination Proglacial rainout - Horizontal 
Campo do Tenente (FE1) Diamictite 
Mass transport  
(concentrated density flow) - (unclear) 
Ibaré (E1) Fine sandstone Proglacial outwash - Deformational fabric 
Ibaré (E2) Coarse sandstone Proglacial outwash NW Flow-aligned 
Porto Amazonas 
(O5) Massive structureless 
sandstone (bottom of unit) 
Mass transport (hyperconcentrated  
density flow aka grain flow) SW/NE Flow-transverse 
Porto Amazonas 
(M6) Massive structureless 
sandstone (middle of unit) 
Mass transport (hyperconcentrated  
density flow aka grain flow) SW/NE Flow-transverse 
Porto Amazonas 
(H7) Massive structureless 
sandstone (top of unit) 
Mass transport (hyperconcentrated  
density flow aka grain flow) SW/NE Flow-transverse 
São Gabriel (S3) Sandstone couplet Mass transport (concentrated density flow)  NE (020°) Flow-aligned 
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Fig 5-1. Summary of flow directions obtained from AMS analyses along the eastern margin of the Paraná 
Basin pertaining to this study in addition to the studies of Gravenor and von Brunn (1987) and Archanjo 
et al. (2006), in relation to ice related features (non-AMS related) of Rosa et. al (2016) and Rio do Sul 
isopach of Canuto (1993). Purple shades denotes site localities correlated to the Rio do Sul Formation, 
blue shades denotes site localities correlated to the Campo do Tenente Formation.
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Fig 5-2. Summary of flow directions obtained from AMS analyses along the southern margin of the 
Paraná Basin pertaining to this study in relation to ice related features (non-AMS related) of Rosa et. al 
(2016). All site localities correlated to the upper most Itararé Group. 
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CHAPTER 6. CONCLUSION 
 
This study focused on collecting and interpreting magnetic fabrics from glaciogenic deposits 
of the Itararé Group that outcrop along the south and east margins of the Paraná Basin in order to 
better interpret depositional processes of the LPIA and determine the direction of sediment 
transport. While in some cases, AMS analyses allowed us to delineate between the origins of the 
various diamictites (rainout from mass transport/subglacial), in other cases, differentiating 
between flow-aligned fabrics resulting from mass transport and subglacial processes proved 
difficult. In most cases, AMS measurements were beneficial in determining the direction of 
sediment transport. In outcrops where sedimentary flow structures were present, AMS results 
consistently agreed with the inferred flow direction. In outcrops where flow structures were 
absent, AMS provided useful insight to paleoslope. While flow directions along the southern 
margin of the basin are consistent with the inferred N/NW ice movement into the basin, some of 
the flow directions along the eastern margin are not, suggesting the existence of a southward 
paleoslope in the area stretching from Campo do Tenente to Porto Amazonas. While this 
observation is inconsistent with other studies in which cross-stratified sandstones nearby 
(stratigraphically equivalent) showed northward paleocurrent orientations, it is consistent with 
other AMS study of similar like deposits in the area (varying stratigraphically). This might be 
explained as a result of meltwater input from an ice-margin to the SE combined with gravity 
flows deflecting to the SW because of tectonic subsidence or isostatic loading, or due to the 
different scale of the geomorphic element producing paleoslope. 
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APPENDIX A: SPECIMEN AMS MEASUREMENTS FOR (CH3) LOCATIONS 
 
Appendix A includes specimen AMS measurements for samples collected from localities 
included within this study (Alfredo Wagner, Aurora, Campo do Tenente, Porto Amazonas, 
Cachoeira do Sul, Ibaré, and São Gabriel) outlined in Ch3.  
 
Table A-1. Specimen AMS measurements for site B8 at Alfredo Wagner road cut exposure. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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Table A-2. Specimen AMS measurements for site R7 at Alfredo Wagner road cut exposure. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-3. Specimen AMS measurements for site Q1 at the Aurora quarry. Summary of column headers: 
𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized 
intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = 
corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate 
eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
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Table A-4. Specimen AMS measurements for site C3 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-5. Specimen AMS measurements for site T5 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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Table A-6. Specimen AMS measurements for site D4 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-7. Specimen AMS measurements for site D5 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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Table A-8. Specimen AMS measurements for site D3 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-9. Specimen AMS measurements for site C5 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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Table A-10. Specimen AMS measurements for site FE1 at the Campo do Tenente quarry. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-11. Specimen AMS measurements for site H7 at the Porto Amazonas road cut exposure. 
Summary of column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum 
eigenvalue, 𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = 
lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum 
eigenvector, 𝒌𝒌𝟐𝟐 = intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = 
inclination, F = Hext F statistic. 
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Table A-12. Specimen AMS measurements for site M6 at the Porto Amazonas road cut exposure. 
Summary of column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum 
eigenvalue, 𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = 
lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum 
eigenvector, 𝒌𝒌𝟐𝟐 = intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = 
inclination, F = Hext F statistic. 
 
 
 
Table A-13. Specimen AMS measurements for site O5 at the Porto Amazonas road cut exposure. 
Summary of column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum 
eigenvalue, 𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = 
lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum 
eigenvector, 𝒌𝒌𝟐𝟐 = intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = 
inclination, F = Hext F statistic. 
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Table A-14. Specimen AMS measurements for site P5 near Cachoeira do Sul. Summary of column 
headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = 
normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-15. Specimen AMS measurements for site P7 near Cachoeira do Sul. Summary of column 
headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = 
normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
 
 
 
Table A-16. Specimen AMS measurements for site P9 near Cachoeira do Sul. Summary of column 
headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = 
normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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Table A-17. Specimen AMS measurements for site E1 near Ibaré. Summary of column headers: 𝝌𝝌𝒃𝒃 = bulk 
susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized intermediate 
eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = corrected degree 
of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate eigenvector, 𝒌𝒌𝟑𝟑 = 
minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
 
 
 
Table A-18. Specimen AMS measurements for site E2 near Ibaré. Summary of column headers: 𝝌𝝌𝒃𝒃 = bulk 
susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized intermediate 
eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = corrected degree 
of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate eigenvector, 𝒌𝒌𝟑𝟑 = 
minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
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Table A-19. Specimen AMS measurements for site S3 at the São Gabriel creek exposure. Summary of 
column headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 
𝝉𝝉𝟐𝟐 = normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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APPENDIX B: MAGNETIC ANALYSES FOR (CH3) LOCATIONS 
 
Appendix B includes magnetic analyses (hysteresis and susceptibility vs. temperature 
measurements) for site localities included within this study (Alfredo Wagner, Aurora, Campo do 
Tenente, Porto Amazonas, Cachoeira do Sul, Ibaré, and São Gabriel) outlined in Ch3. 
 
 
 
Fig B-1. Magnetic analyses for site B8 at the Alfredo Wagner road cut (a) hysteresis measurement, red = 
raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves. 
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Fig B-2. Magnetic analyses for site R7 at the Alfredo Wagner road cut (a) hysteresis measurement, red = 
raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves. 
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Fig B-3. Magnetic analyses for site Q1 at the Aurora quarry  (a) hysteresis measurement, red = raw data 
containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic loop (b) 
backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = heating 
curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves. 
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Fig B-4. Magnetic analyses for site C3 at the Campo do Tenente quarry (a) hysteresis measurement, red 
= raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig B-5. Magnetic analyses site T5 at the Campo do Tenente quarry (a) hysteresis measurement, red = 
raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig B-6. Magnetic analyses for site D4 at the Campo do Tenente quarry (a) hysteresis measurement, red 
= raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig B-7. Magnetic analyses for site D5 at the Campo do Tenente quarry (a) hysteresis measurement, red 
= raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig B-8. Magnetic analyses for sites D3 and C5 at the Campo do Tenente quarry (a) hysteresis 
measurement, red = raw data containing both para- and ferromagnetic contributions, blue = slope-
corrected ferromagnetic loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature 
measurement, red = heating curve, blue = cooling curve (d2) calculated first derivatives for 
thermomagnetic curves.  
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Fig B-9. Magnetic analyses for site FE1 at the Campo do Tenente quarry (a) hysteresis measurement, red 
= raw data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig B-10. Magnetic analyses for sites H7, M6, and O5 at the Porto Amazonas road cut (a) hysteresis 
measurement, red = raw data containing both para- and ferromagnetic contributions, blue = slope-
corrected ferromagnetic loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature 
measurement, red = heating curve, blue = cooling curve (d2) calculated first derivatives for 
thermomagnetic curves.  
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Fig B-11. Magnetic analyses for sites P5, P7 and P9 near Cachoeira do Sul (a) hysteresis measurement, 
red = raw data containing both para- and ferromagnetic contributions, blue = slope-corrected 
ferromagnetic loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature 
measurement, red = heating curve, blue = cooling curve (d2) calculated first derivatives for 
thermomagnetic curves.  
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Fig B-12. Magnetic analyses sites E1 and E2 near Ibaré (a) hysteresis measurement, red = raw data 
containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic loop (b) 
backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = heating 
curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig B-13. Magnetic analyses for site S3 at the São Gabriel creek exposure (a) hysteresis measurement, 
red = raw data containing both para- and ferromagnetic contributions, blue = slope-corrected 
ferromagnetic loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature 
measurement, red = heating curve, blue = cooling curve (d2) calculated first derivatives for 
thermomagnetic curves.
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APPENDIX C: ADDITIONAL LOCATION (BASSANI) 
 
Appendix C includes a brief field description, photos, AMS fabric analyses, AMS specimen 
measurements, and magnetic analyses for samples collected from a locality near Bassani.  
In the state of Paraná, samples were collected from the Bassani quarry west of Curitiba 
(W49°40'8.27", S25°30'27.70”) (Fig C-1). The exposure is correlated to the Itararé and consists 
of interbedded sandstones, conglomerates, and diamictites. Two fabrics were collected from a 
sandstone with dispersed clasts: ~2.5 cm (site A2) (Fig C-3A) and ~1 m (site A3) (Fig C-3B), 
below the surface of the bed respectively. Another fabric was collected from a white sandstone 
(site F2), and two fabrics were collected from a soft sediment grooved surface interpreted to be 
an ice-keel scour mark (site G3 - grove) and (site B2 - berm) (Fig C-2). All sample sets showed 
fabrics that were statistically isotropic, except one (site A3). Two fabrics showed evidence of 
inverse fabrics (sites G3 and B2) in the apparent swapping of the 𝒌𝒌!and 𝒌𝒌! axes. The open loop 
of the hysteresis measurement (Fig. C-8) and red pigmentation in the rocks suggests the presence 
of hematite.  It is not uncommon for authigenic hematite to be in a single-domain state, which 
would explain the inverse fabrics.
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Fig C-1. View of Bassani quarry, located west of Curitiba. 
 
 
 
Fig C-2. Samples extracted from white sandstone unit (site F2), and grooved surface (site G3 - groove) 
and (site B2 - berm) at the Bassani quarry. Yellow boxes indicate locations of sample sites.  
F2	
B2	
G3	
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Fig C-3. Sandstone with dispersed clasts at the Bassani quarry. Yellow boxes indicate locations of 
samples extracted from (A) (site A2) ~2.5 cm, and (B) (site A3) ~1 m below the surface of the bed 
respectively.  
A	
B	
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Fig C-4. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graph (bottom) for site F2 at the Bassani quarry. 
Maximum eigenvector indicated by red squares, intermediate by blue triangles, and minimum by black 
circles  
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Fig C-5. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at the Bassani quarry (A) B2 
(berm) (B) G3 (groove). Maximum eigenvector indicated by red squares, intermediate by blue triangles, 
and minimum by black circles.  
A	 B	
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Fig C-6. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graphs (bottom) for sites at the Bassani quarry (A) A2 
(~2.5 cm), and (B) A3 (~1 m). Maximum eigenvector indicated by red squares, intermediate by blue 
triangles, and minimum by black circles.  
A	 B	
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Table C-1. Specimen AMS measurements for site G3 at the Bassani quarry. Summary of column headers: 
𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized 
intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = 
corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate 
eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
 
 
 
Table C-2. Specimen AMS measurements for site B2 at the Bassani quarry. Summary of column headers: 
𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized 
intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = 
corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate 
eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
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Table C-3. Specimen AMS measurements for site F2 at the Bassani quarry. Summary of column headers: 
𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized 
intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = 
corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate 
eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
 
 
 
Table C-4. Specimen AMS measurements for site A2 at the Bassani quarry. Summary of column headers: 
𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized 
intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = 
corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate 
eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
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Table C-5. Specimen AMS measurements for site A3 at the Bassani quarry. Summary of column headers: 
𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = normalized 
intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = foliation, 𝑷𝑷𝒋𝒋 = 
corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = intermediate 
eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F statistic. 
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Fig C-7. Magnetic analyses for site F2 at the Bassani quarry (a) hysteresis measurement, red = raw data 
containing both dia- and ferromagnetic contributions, blue = slope-corrected ferromagnetic loop (b) 
backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = heating 
curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig C-8. Magnetic analyses for sites G3 and B2 at the Bassani quarry (a) hysteresis measurement, red = 
raw data containing both para - and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.  
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Fig C-9. Magnetic analyses for sites A2 and A3 at the Bassani quarry (a) hysteresis measurement, red = 
raw data containing both dia- and ferromagnetic contributions, blue = slope-corrected ferromagnetic 
loop (b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = 
heating curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves.
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APPENDIX D: ADDITIONAL LOCATION (MARIANA PIMENTEL) 
 
Appendix D includes a brief field description, photo, AMS fabric analysis, AMS specimen 
measurements, and magnetic analyses for samples collected from a locality near Mariana 
Pimentel.  
In the state of Rio Grande do Sul, an outcrop located northwest of Mariana Pimentel referred 
to as Morro do Popoleau was sampled (W51°38.587’, S30°18.463'). One sample set was 
collected from massive red mudstone (site M9) (Fig D-1) correlated to the Rio Bonito 
Formation, which stratigraphically lies above the Itararé Group. 
 
 
 
Fig D-1. Yellow boxes indicate locations of sample extracted from massive red mudstone (site M9) at 
Morro do Popoleau outcrop located northwest of Mariana Pimentel. 
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Fig D-2. Measured eigenvectors for each specimen (top), bootstrapped eigenvectors (center), and 
bootstrapped eigenvalue cumulative distribution graph (bottom) for site M9 (Morro do Popoleau 
outcrop) near Mariana Pimentel. Maximum eigenvector indicated by red squares, intermediate by blue 
triangles, and minimum by black circles  
	 145	
Table D-1. Specimen AMS measurements for site M9 near Mariana Pimentel. Summary of column 
headers: 𝝌𝝌𝒃𝒃 = bulk susceptibility, SE = standard error, 𝝉𝝉𝟏𝟏 = normalized maximum eigenvalue, 𝝉𝝉𝟐𝟐 = 
normalized intermediate eigenvalue, 𝝉𝝉𝟑𝟑 = normalized minimum eigenvalue, 𝑷𝑷𝟏𝟏 = lineation, 𝑷𝑷𝟑𝟑 = 
foliation, 𝑷𝑷𝒋𝒋 = corrected degree of anisotropy, T = shape parameter, 𝒌𝒌𝟏𝟏 = maximum eigenvector, 𝒌𝒌𝟐𝟐 = 
intermediate eigenvector, 𝒌𝒌𝟑𝟑 = minimum eigenvector, DEC = declination, INC = inclination, F = Hext F 
statistic. 
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Fig D-3. Magnetic analyses for site M9 near Mariana Pimentel (a) hysteresis measurement, red = raw 
data containing both para- and ferromagnetic contributions, blue = slope-corrected ferromagnetic loop 
(b) backfield measurement (c) Day plot (d1) susceptibility vs. temperature measurement, red = heating 
curve, blue = cooling curve (d2) calculated first derivatives for thermomagnetic curves. 
